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FOREWORD 

i 

This report documents the work performed by North American Rockwell 
Corporation through its Space Division in fulfillment of a Task Authoriza- 
tion entitled, "Measurement Component Technology,” sponsored by the 
National Aeronautics and Space Administration’s George C. Marshall Space 
Flight Center, Huntsville, Alabama, under contract NA37-200 in accordance 
with Task Authorization 2G26-TA-36. The work was performed by members of the 
Electrical and Electronics Systems branch of the Space Systems and Appli- 
cations Division during the period July 12, 1971 through October 13, 1972. 

NASA technical monitors were Messrs ^, T. Escue, SftE-AS'.CEr D-l/ H . S. Herman 
an d R. C. Holder, S&E-ASTR-IMP, J. F. Hamlet, S&E-ASTR-E4F ard J. E. Zimmerman, 
SfE-ASTR- fi fth ‘ ~~ 

The report consists of three volumes, of which this i3 Volume I. Volume 
nurrters, document numbers and volume titles are listed below. 

Volume I - Cryogenic Pressure Measurement Technology and Subjects 
Allied to Pressure Transducers. Document Number 
SD72-SA-0 156-1 . 

Volume IX - Liquid Detection Measurement Technology and Cryogenic 
Flew Measurement Technology. Document Number 
SD7 2-SA-0156-2 • 

Volume III - Cryogenic Temperature Measurement Technology and High 
Temperature Strain Gaga Technology. Document 
Number SD72-SA-0156-3. 
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1.0 I^mCDUCTICN 

As spues missions becor.^ more complex and more demarsdir*g, the requi cements on 
measurements grow rore and more difficult. Constant improvements in measure- 
ment techniques and accuracy are being sought by design engineers for a more 
accurate evaluation of system performances. Ever increasing seventy m 
operating environments requires a continued search for new designs and 
techniques. 

Greater reliability of equipment is required as space missions grow more 
carp lex. Lower carponent weight, smaller size and lower electrical power 
consumption are sought as mission duration grows longer . All of these factors 
and many more require that measurement capabilities be upgraded to meet these 
new demands. The purpose of this study is to satisfy sore aspects of this 
need with an irvestigation into measurement component technology. t 

S-II derivative systems, including the Space Tug, Orbiting Propellent Depot 
(OPD) , Expendable Second Stage (ESS) , and Chemical Interorbital Shuttle (CIS) 
impose many new performance requirements on measurement corponents not 
currently required by the S-II stage or the Saturn V ve hide. 

Higher neasurejitent accuracy, long term operation in high and low temperature 
environments, repeated operations in relatively high vibration environments, 
long term shelf life and repeated reuses are some of the more important per- 
formance requirements. Light weight, small package si 2 e, simplified wiring 
requirements, low electrical power, and simplified rraintenance procedures 
are other desirable characteristics for future space vehicles. 

This program investigated the availability and performance capability of 
specific measurement components in the area of cryogenic temperature, pres- 
sure, flow and liquid detection components and high tenperature strain gages. 
The study conducted a systematic survey of manufacturers to establish 
performance and physical characteristics of current designs. In cases 
there current state-of-the-art equipment cannot meet performance requirements 
for future space missions, the design shortcanings are identified and reoom- 
merriatic is for inprovements, where available, were presented and discussed. 
The study evaluated published information and supplier furnished data and 
discussed seme advantages and disadvantages for given designs. Measurement 
system application design considerations were investigated and discussed 
in the report where these considerations vere an important part of the 
measurement. The results of the investigation were intended to provide a 
useful reference source far design and component information for the 
selection and application of the measurement transducers of this investi- 
gation. 

In addition, specific technical topics allied to the measurement type or 
corponents were researched and are discussed in this report. Items selected 
for investigation as part of this study were selected for the problem nature 
of the item or for the technical value of the researched information as a 
reference source for new designs. Selected areas for investigation were 
(1) high pressure flange seals, and (2) hydrogen embrittlement of pressure 
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transducer materials. Other topics which involve application were (1) the 
effects of close-coupled versus remote transducer installation on pressure 
measurements, (2) temperature transducer configuration effects on measure- 
ments, and (3) techniques in terperature compensation of close-ooupled strain 
gage pressure transducers. 

These specific measurement cxsrpcnent capabilities and technical topics are 
contained in three volumes* Volume I contains cryogenic Pressure Measurement 
Technology, High Pressure Flange Seals, Hydrogen Embrittlement of Pressure 
Transducer Materials, the Effect of Close-Coupled Versus Remote Transducer 
Installations on Pressure Measurements, and Techniques in Temperature Cfcnt- 
pensation of Strain Gage Pressure Transducers. Volute II consists of 
Cryogenic Flow Measurement Technology and Cryogenic Liquid Detection 
Measurement Technology . Volume XII sutmarizes Cryogenic Terrp^rature 
Measurement Technology and High Temperature Strain Gage Technology. 

(OTOGENIC PRESSURE MEASUREMENT TEX^JNDLOGY < 

The investigation into cryogenic pressure c-ansducer technology was made by 
oa*3ucting a survey of manufacturers to establish transducer capability of 
currently avai lable equipment. The requirement established for the search 
was to locate an instrument capable of operating with liquid oxygen or 
liquid hydrogen systems of a space vehicle while maintaining temperature 
sensitivity errors within 2 percent of full scale. 


Since the investigation did not result in meeting this design goal, a litera- 
ture research was conducted to identify problem areas which contribute to 
this transducer performance limitation. 

This report presents the results of the industrial survey and the literature 
research. 

HIGH PRESSURE FLANGE SEALS 

Consideration of a high pressure (5000 psi) transducer for applications whose 
design ooncept utilized flanged mounting precipitated this investigation. The 
research work primarily addresses itself to the search for a metallic seal 
to attain optimum sealing for low temperature , high pressure systems. The 
investigation relied principally upon published literature as the soutoe for 
information. 

HXDRCGQ* EMBRITTLEMENT OF PRESSURE TRANSDUCER MATERIALS 

The hydrogen arbrittlement investigation utilized published literature for 
obtaining information on the susceptibility of transducer materials to the 
enbrittlOTent problem. The investigation emphasized the practical approach 
by categorizing transducer metals with respect to embrittlement susceptibility. 
The investigation did not deal with the atomic structure or metallurgical 
aspects of metals. 
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THE EFFECTS OF CU06E-COUPIED VERSUS REMOTE TRANSDUCER INSTALLATION CN 
PRESSURE MEASUREMENTS 

A technical discussion on the effects of close-coupled versus remote trans- 
ducer installation effects oh measurement accuracy was presented in this 
report for reference information to transducer users. The discussion in the 
report was based on information derived from Saturn S-II flicrht tests and 
laboratory work performed in conjunction with investigations into the Saturn 
S-II lew frequency oscillation pheraiienon. Data distortion due to line length 
is illustrated and corrective methods are delineated. 

TECHNIQUES IN TEMPERATURE COMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS 

Another topic presented in the report is based on investigations of tempera- 
ture sensitivity problems of strain gage pressure transducers. Since the 
Saturn S-Il lew frequency oscillation phenomenon resulted in utilizing close- 
ooupled strain gage transducers on the LQX feedlines of engine 1 and 5, an 
investigation was made to establish techniques available for compensation of 
temperature sensitivity errors* This information is provided in this report 
as reference material. 

CRYOGENIC MASS FLOW MEASUREMENT TECHNOLOGY 


The flow investigation researched current technology for systems capable of 
cryogenic tenperature flow measurements. Manufacturers were contacted for 
information on their product line of flcwmeters which indicated promise of 
meeting an application requiring a mass gas flowmeter. 

A hypothetical case for a cryogenic temperature gas flow measurement was 
established for the purpose of assessing whether any of the candidate systems 
would be acceptable for this case. The report provides the technical dis- 
cussions resulting from this evaluation as well as descriptions of indi- 
vidual manufacturers systems. 

CRYOGENIC LIQUID DETECTION MEASUREMENT TECHNOLOGY 

The cryogenic liquid detection technology portion of this study was limited 
to an industrial survey. Manufacturers of positive and lew gravity detection 
systons were contacted and their equipment and, in some cases, experimental 
concepts, are presented. The report describes each system including theory 
of operation, accuracy, stability, power requirements, and the gravitational 
environment in which the system is designed to perform. 

CRYOGENIC TEMPERATURE MEASUREMENT TECHNOLOGY 

The investigation into cryogenic tarrperature transducer technology was made 
by conducting a survey of nanufacturers to establish the capability of cur- 
rently available etjuipment to nraet cryogenic system requirements. In con- 
junction with this survey, a literature search was conducted to identify 
new developments in temperature measuring techniques. The methods of tenpera- 
ture measuring discussed are resistance tenperature transducers made from 
different metals as sensing elements, thermistors, and thermoocwples. Also 
included is a discussion of measuring bridges used to determine the resistance 
of the tarperature probe. 
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HIGH TE>5 3 ERATUKE STRAIN GAGE TBC^OjOGY 

Although strain measuring techniques have progressed rapidly since the 
development of the first strain gage, the requirement s for their use have 
advanced much faster. ’ This is especially true for ob tuning flight load 
measurements on high speed vehicles operating in the earth’s atmosphere. 

The aerodynamic heat associated with this high speed flight can be a major 
cause of strain gage error. Terrperatures up to 1800 F are anticipated on 
the aerodynamic surfaces of a mach 6 vehicle operating at 90,000 feet. 

Strain gaqe output due to thermal stresses at these high temperatures can 
produce load measurement errors greater than those due to gage performance 
characteristics . To obtain accurate flight load measurements these errors 
must be eliminated in the strain gage design. 

The purpose of this section of the ccrponents technology report is to review 
various strain sensing devices and evaluate their performance in a 1500 F 
to 2000 F thermal environment. 
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2.0 Sim^RY 

the following is a brief review of the sigraf leant facts contained in the 
body of the three volume text. The surtrary is contained in each of the three 
volumes in order that the reader might have sufficient information to evaluate 
his need to rwiew each volume's text in detail. 

Volume I contains the following topics: Cryogenic Pressure Transducer Tech- 

nology, High Pressure Flange Seals, Hydrogen Br&rittlanent of Transducer 
Materials, the Effect of Ciose-Ccupled Versus Remote Transducer Installations 
an Pressure Transducers, and Techniques in Temperature Compensation of Strain 
Gage Pressure. 


Volute II contains the following topics : Cryogenic Mass Flew Measurement 

Technology and Cryogenic Liquid Detection Technology. , 

Volure III contains two topics: Cryogenic Temperature Measurement Technology 

and High Temperature Strain Gage Technology. 


CRYOGENIC PRESSURE TRANSDUCER TECHNOLOGY 

Pressure measurements for space vehicle cryogenic systems such as for liquid 
oxygen and liquid hydrogen tanks, transfer lines and engine systems, have 
always presented a special challenge to instrumentation engineers and measure- 
ment users alike. These cryogenic liquids, especially liquid hydrogen, possess 
many properties which pose problems for designers. Primarily, these problems 
are associated with lew temperature environments and with the highly volatile 
nature of the liquid. The most c a rm an approach to measuring pressure in these 
systems is to connect the pressure transducer away from the extreme low tem- 
perature environment by connecting the transducer to the sense port by a 
length of sense line which provides a thermal buffer for the transducer. 

This technique is satisfactory for only steady-state or slowly changing 
measurements. For oscillating or fast changing pressure systems the vola- 
tility of the liquid creates thermal dynamic oscillatiais and the sense line 
reduces frequency response both of which reduce measurement fidelity narkedly. 


This investigation was performed to research currently available designs 
which could be utilized for space vehicle applications in cryogenic systems 
to an accuracy of 2 percent excluding other environmental error sources. 


Inquiries made to approximately 50. manufacturers resulted in seven favorable 
responses from suppliers indicating the availability of transducers operable 
with cryogenic systems of liquid oxygen or liquid hydrogen. Manufacturers 
responding favorably to the survey were: 


Manufacturer 


Transducer Type 


Bell & Hcwell/Consolidated Electrodynamics 
Bourns Inc. 

Dynasdences Corporation 
Genisoo Technology Carp. 

Kistler Instrument Coaqp. 

MB Electronics 
Stalham Instruments Inc. 


Unbonded Strain Gage 
Potentiometer 
Bonded Strain Gage 
Bonded Strain Gage 
Piezoelectric 
Bonded Strain Gage 
Deposited Strain Gage 

SD72-SA-0156-1 
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A number of other manufacturers are known to have developed pressure trans- 
ducers operable in cryogenic systems but these designs are available on 
special order only and thus were not included in this study primarily due to 
the lack of descriptive information on the instruments. 

This investigation concluded that for the many application conditions of 
a space vehicle, none of the candidate instruments could meet the design 
goal of 2 percent tsrperature sensitivity error. Based on this conclusion, 
problems contributing to temperature sensitivity were investigated through 
research of published documents. 


The single most important error source for instruments found by the researchers 
is the difference in temperature conditions between instrument calibration 
and the using temperature environment. Normally transducers are calibrated 
under a steady state, uniform tenperature environment, usually at the 
liquid nitrogen temperatures . In field applications temperature gradients 
occur between the front face of the transducer to the aft end of the 
instrument. For transducers with temperature compensation provisions such 
as the strain gage designs, the compensation thermistors and resistors are 
located in the aft end or the instrument. This design alone contributes to 
a significant error found by one researcher to be as much as 100 percent FS 
for transducers that indicated less than 6 percent FS shift in standard steady 
state tenperature tests. 

A definite irrprovement in low tenperature performance can be achieved on the 
part of instrument users by providing installation designs vhich minimize 
thermal gradients, such as by insulating the transducer, and by calibrating 
instruments under conditions of usage as closely as possible. 

The conclusion of this investigation is that for applications requiring good 
tenperature oonpensaticn, small size, low heat capacity and high frequency 
response with the capability of measuring both steady state and dynamic 
responses a new transducer design is required. Based on the information 
provided by researchers some design features known to provide desirable 
performance characteristics are: flush diaphragm design with diaphragm 

nachines integral with the case, anall case size with short body length 
and low thermal mass, strain gage design with gages mechanically coupled 
to the diaphragm in an unbonded configuration, tsrperature ocnpensation 
circuitry located in the same thermal environment as the strain gages and 
transducer installation provisions which facilitate insulation provisions 
to minimize thermal gradients. 

HIGH PRESSURE FLANGE SEALS 

This investigation primarily addresses itself to the search far a metallic 
seal for cryogenic tenperature and up to 5000 psig pressure applications. 

The leakage rate for a seal depends on fluid properties, surface topography, 
pressure differential, hardness of the sealing material, and sealing oontact 
stress. 
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The most important design considerations are pressure, temperature range, 
and type of fluid sealed. These parameters determine the bolt size, flange 
thickness, and materials. 

Leakage is the most important criterion and most difficult to predict without 
tests. Many metal seals are capable of achieving leakage rates below measurable 
levels; however, the penalty in flange loading, extremely smooth finishes or 
loss of recovery, may be prohibitive. For extremely low leakage rates (less 
than 10~9 soc/sec), an all-metal seal is usually required. •* 

Seating load is an important parameter in flanged connections. The lower it 
is, the snaller the required flanges and bolting. Seating load is normally 
expressed in pounds per inch (lb/in) of seal circumference and may range from 
100 to 500 Lb/in, depending on the design. 


Contact stress at the sealing interface partially determines leakage' rate and 
is a function of seating load and contact area. The pressure differential 
across the interface, if high enough, nay add or subtract significantly from 
the initial contact stress. 


Metal seal s capable of very low leakage rates most plastically deform at the 
sealing interface. With subsequent installations, the seal coating must 
try to conform to a new set of peaks and valleys and intimacy of interface 
is consequently reduced. 

Pressure compensation, sometimes called pressure energization, pressure actua- 
tion, or pressure assistance, is the beneficial effect of pressure upon the 
seal contact. The geometry of many seals is such that fluid pressure augments 
the contact stress, thus tending to overcome the increased possibility of 
leakage due to the pressure. The pressure effect is negligible except at 
high pressures - 1000 psi or more. 

Cavity requirements of the seal must provide for correct, (limited) deflection 
of the seal, location of the seal, structural support for high pressure, and 
proper surface finish. 

The choice of seal materials is usually determined by the operating tenperature, 
although corrosion resistance, fluid compatibility, and radiation effects may 
also be major considerations. Most metal seals contain two materials, a 
resilient, basic-shape metal and a soft coating. 

The coating material is usually a pure metal (silver, gold, nickel, or copper) 
or a plastic dispersion ooating such as Teflon. Coating materials are chosen 
on the basis of softness, corrosion resistance, tenperature resistance, and 
oost. Silver is used in the majority of low and high tenperature applications 
and is one of the least costly. 

Resilient metal seals combine the efficiency of elastomeric Orings with the 
extended tenperature capability of metal gaskets. The basic structural element 
is usually a high-strength metal, and a soft coating of metal or plastic pro- 
vides the actual sealing. Like O-rings, these seals are self -energizing, have 
small cross sections, require light closing farces, are often reusable, and 
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have indefinite life. Unlike O-rings, however, they are relatively expensive, 
and availability is sanewhat limited. 


ftesili^nt metal seals can be considered as the most premising for achieving 
seal integrity for high pressure and cryogenic environments. A parallel 
loaded joint with a groove type seal installation should provide the optimum 
joint configuration. 

HYDROGEN EMBRITTLEMENT OF TRANSDUCER MATERIALS 

The research work performed within the industry on hydrogen embrittlement of 
metals has not resulted in a clear definition of accepted standards. Because 
of this fact, no precise conclusions can be reached on the extent of hydrogen 
embrittlement as a problem for instrumentation systems. Primarily, this 
uncertainty results from the fact that most testing has been accanplished at 
10,000 psi and pressures for liquid or gaseous hydrogen systems on Saturn 
S-II type vehicles are 100 psi to 1000 psi. 


Ge n erally, it is concluded that no problems exist for materials most often 
used for transducer construction. This conclusion is based .on the eroerimental 
findings that embrittlement susceptibility increases with increasing tempera- 
ture above roan temperature and increasing pressure. Below roam temperature 
embrittlenent susceptibility decreases with decreasing temperature. Hydrogen 
has little effect on metals below a temperature of -321 F. Fran the stand- 
point of instrumentation systems, this is favorable since the majority of 
measurements in hydrogen systems are made at low temperature and pressures. 

The report siwmarizes the degree of susceptibility for various metals where 
data are available. 

THE EFFECT OF CLOSE COUPLED VS. REMOTE TRANSDUCER INSTALLATIONS ON PRESSURE 
MEASUREMENTS 

The measuronent of frequency over a line length of constant diameter to which 
is attached a sensing transducer varies as the fundamental (fd) frequency. 

If the media transmitting the frequency is a gas, then the frequency is 
lijnited by the line length and the aooustic velocity. The exception to this 
is a situation in which the volune of the transducer cavity measuring the 
pressure pulse is large relative to the volume of the line. This case is 
called a Helmholtz reasonator and it will produce an attenuation of approxi- 
mately 40% ever the previously noted fundamental frequency for the equivalent 
line length. 

If frequency of pulsations of a liquid over a line is required and if the 
liquid is a cryogenic, a multitude of problems arise. Pressure pulses of 
large amplitude will produce complete distortion of phase, frequency, ampli- 
♦nyte and signature. Small pressure pulsations will allow the passage of 
phase and amplitude data within the fundamental frequency range but amplitude 
and signature cannot be considered correct. The turbulence produced by the 
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pressure pulsations forces the liquid down a gas filled line where it expands 
due to the sudden temperature gradient. The resultant change in reran turn of 
the mass of cryogenic liquid in motion and the volume change produces an 
overall distortion of the output. 

The accurate measurement of fidelity of a cryogenic liquid can only be 
obtained by using either a close coupled or flush mounted transducer. The 
ideal installation is that of mounting a pressure transducer diaphragm 
directly against the media to be measured. If this is not possible then 
the sensor can be boss mounted off a fitting. Care mist be taken in the 
last instance in that a short run from the liquid to the sensor diaphragm 
might form a Helmholtz reasons tor. 

TEOSJIQCES IN TEMPERATURE COMPENSATION OF STRAIN GPGE PRESSURE 

The classic techniques for compensation of pressure transducers to temperature 
sensitivity is to select materials with desirable performance characteristics 
and to apply oarpensating resistors and thermistors to the bridge circuitry. 
These techniques compensate for zero shift and sensitivity changes. 

Manufacturers can further improve transducer performance by locating the 
resistors and thermistors in the same thermal environment as the temperature 
sensitive member. Instrument users can insulate instruments to stabilize 
temperature and car. apply corrections to calibration curves -for zero shifts 
determined from a reference pressure test. 

CRYOGENIC MASS FI£JW MEASUREMENT TECHNOLOGY 

The object of the cryogenic flew study was to establish the state-of-the-art 
and to recommend either a specific flew system or if that was not possible, 
to establish a direction for future development. 

The measurement of cryogenic mass gas flew depends upon the determination 
of several variables. If the measurement is made either inferentially or 
directly, a compensation of variables must be taken into consideration. 

Density is always cannon to an inf erenti ally mass measurement with either 
a velocity or velocity squared measurement required. Since density itself 
can be a function of pressure, temperature, torque or damping ratio an 
inferential measurement of flew can consist of a great deal of variables; 
acme of which can cover a large range. In the direct measurement of mass 
flow the output can be a measurement of linear or angular momentum or 
heat transfer. Although the output can be a single variable the mechanism 
required to generate the output can be extremely complex and limited in range. 
In addition to the above noted problems, there are a number of material, 
installation and design problems that also rrust be solved. 

The initial 62 manufacturers reviewed were reduced to 16 candidate systems. 
These candidate systems consisted of six true mass flow meters and 
eleven inferential mass mater systems. In addition to manufacturers of 
flowneters, such associated problems as facility calibration and previous 
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data were reviewed. After analyzing all candidate systems, previously run 
test data, test facilities and tie National Bureau of Standards at Boul der, 
it was concluded that no flcwmeter had a proven history cf meeting the require - 
rrents. Two systen types looked promising — the turhine-capaeitance densi- 
tometer inferential meter and the heat transfer mass mcmentixn meter. Of 
these two systems, only the inferential turbine candidate had same data at 
a cryogenic gas temperature and hence is the reoonmended choice. 

CRYOGENIC LIQUID DETECTION TECHNOLOGY 

This section covered twelve propellant gaging systems off cured by nine manu- 
facturers. Five of the systems are applicable to positive g applications ard 
seven are applicable to both positive and zero g usage. These systems can 
be further categorized into five basic operating principles. These are point 
sensor , capacitance probe, radio frequency, infrasonic, and nucleonic systems. 
Point sensors and capacitance probes are only useful jn positive g environments . 
The infrasonic and nucleonic systems are applicable in zero g environments, 
however , both designs are still in the development stage and at this time 
inpose a high weight penalty to obtain good accuracy. 

The use of the more standard coaxial cylinder capacitance sensor system for 
continuous gaging of propellants is not practical due to the capillary rise 
that occurs at low gravity conditions. The capillar/ rise for 1*2 and LQX 
is on the order of 40 and 20 inches respectively for capacitance sensors 
similar to those used in the Saturn S-II stage. 

Since future space vehicles operate under both zero g and positive g environ- 
ments, no single concept of propellant gaging provides the desired accuracy 
under both conditions. The results of the study indicate that the radio 
frequency systen is best for propellant monitoring during zero gravity periods 
when propellant tanks are less than half full. During periods of positive g 
the discrete level sensing systen offers the best accuracy especially during 
propellant loading and for monitoring the liquid level with tanks full. 

The best design cornprcmise appears to be a System utilizing both the RF 
system and discrete level sensors for all phases of the vehicle operation. 

CRYOGENIC TEMPERATURE MEASUREMENT TECHNOLOGY 

Commercial cryogenic thermometers are available which are capable, under 
carefully controlled conditions, of precisions greater than + 0.05 K. However, 
sue* precision can only be obtained under static or quiescent conditions/ 

When thermometers are required to respond to rapid temperature fluctuations 
such as occur in the cooldown of propellant lines, the indicated tempera ture 
may depart significantly from the” true" temperature. The loss in validity 
of the measurement does rot reflect a degradation in accuracy of the 
temperature sensor, but rather indicates that the temperature of the sensor 
is not at all times the same as the surroundings. 

The terms "accuracy" and "reproducibility" require same explanation pertaining 
to temperature transducers. Accuracy is the significance with which the 
thenrereter can indicate the absolute thermodynamic temperature. This includes 
errors of calibration as well as errors due to nonreprocucibility. Reproduci- 
bility is the variability observed in repeating a given measurement using 
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different thermometers of the same type. Changes produced by thermal cycling 
of the thermometer to and from ambient are also included in this 
parameter. 

Temperature sensor materials can be divided into three categories: pure metals , 

non-metals, and thermoelectric devices called thermocouples. While there exist 
a number of pure metals that are more or less suitable for resistance thermo- 
retry, platinum, primarily because of many favorable characteristics, has 
become predominant as a temperature measuring element. Desirable features 
such as ready availability in high purity and extensive knowledge about 
platinum’s behavior down to 20 K have tended to perpetuate its use. Its 
principal disadvantages are low resistivity and insensitivity below about 10 K. 

Copper, nickel ard tungsten have also been exploited as temperature sensing 
elements. Copper is inexpensive and has a very linear tanperature/resistaiice 
relationship. Copper has poorer stability and reproducibility than platinum 
ard its lew resistivity is undesirable when a high resistance element is 
required for temperature measurements below 100 K. Nickel is widely used over 
the temperature range of 170 K to 575 K? however, this report was primarily 
concerned with temperatures below 100 K and at this temperature, very little 
work has been done with nickel. Tungsten sensors are less stable than other 
metal sensors because full annealing is impractical. At low temperatures the 
percentage change in resistance per degree is much less than platinun. 

Tungsten's great mechanical strength allows extremely fine wires resulting 
in convenience for manufacturing sensors having high resistance values, 
but this is not important unless the probe resistance must be larger than 
5 or 6 thousand ohms. 

Non-metals such as semiconductors, carbon resistors, and thermistors are used 
as tenperature sensing devices in the laboratory with seme advantages over 
pure metals. The greater disadvantages for their usage on a- space vehicle 
within the benperature range of 20 to 100 K tend to discount them as a serious 
consideration unless further development and knowledge is pursued. 

Germanium semiconductors are available from several cxrrmercial sources. The 
sensing element is a small single crystal with high resistivity. The resistance/ 
temperature relationship is very complex and requires many calibration points 
when used over a wide temperature range. The reproducibility is poor and 
thermal cycling cause* ' j drift to occur. This affects their interchange- 
ability drastically. 

Carbon resistors have been used as temperature sensors at extremely lew 
temperatures. Carbon has a high sensitivity in the temperature range of 0.1 K 
to about 20 K; however, above 20 K the dR/dT is very unstable. 

Thermistors are inexpensive and very sensitive to temperature . They are small 
in size and have a high resistivity. Thermistors have a nonlinear R-T re- 
lationship and poor stability. Because of the nonlinearity, numerous cali- 
bration points are required. A single thermistor is generally unsuited for 
wide temperature spans because its resistance goes fran values which are so 
high to be inconvenient to values which are too lew to be measured with con- 
ventional signal conditioning equipment. Several thermistors must be used 
to cover a wide temperature span. 
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Ttermocouples in ccxrtparison with other temperature sensors have certain advan- 
tages. The temperature sensitivity span can be small, and is more flexible 
for installation. The thermocouple is a device of crrrx uratively lev cost, 
high accuracy, wide neasiirervint range, fast thermal response, ruggedness, 
arid reliability. Scriu of the more obvious disadvantages are the very lev 
output voltage requiring more complex and costly signal conditioning equip- 
ment, and the hatiogoncity of the materials used to runt use tore thermocouples 
is such that inter changeability without cardie te recaiibration is impractical . 

After an objective analysis of the different methods of temperature measurement 
in the 20 to 100 K range, tiie wire wound metal, especially is best 

suited for measurements where high accuracy and- stability is required. The 
thermistor is best for point measurements and the thermocouple best for high 
temperatures or for rough indication of teirperatures . 

Resistance bridges are used as a comparison device for measuring precise 
resistance ratio relative to temperature change of a platinum thermometer. 

In making comparison resistance measurements for attainment of a high degree 
of precision, of the order of 1.0 PPM, the following design considerations 
should be evaluated when selecting a particular bridge design: effects of lead 

resistance, thermoelectric envf’s, self-seating, reactance, bridge linearity, 
noise, interaction, bridge sensitivity, and accuracy. 

Fran the numerous available bridge designs, a designer has to determine as to 
which of the bridge* designs is most suitable for use for a particular design 
application. Therefore, in order to establish a* methodical design approach, 
these numerous bridges are described in its basic form as either a full or 
half bridge. These basic bridges are then evaluated for its advantages and 
disadvantages based on applicable design considerations. In the process of 
evaluation, these basic bridges are reconfigured for use as either symmetric 
or asymmetric configuration and as a low level or high level bridge output 
based on the ijrportance of a particular design consideration. A table 
depicting the advantages and disadvantages* relative to the various design 
considerations has been prepared to provide direction in the design approach. 

Lead resistance is widely accepted as a major problem in a tenperature measure- 
ment system design. Because of this problem, numerous bridges such as Mueller, 
9nith, Seimens and numerous others have been developed since 1871. Each bridge 
has merits in leadwire resistance compensation , and therefore each is dis- 
cussed in this report. Variations used in these bridges can then be adapted 
to the basic bridge selected for the best lead resistance cotrpensation. 

HIGI TEMPERATURE STRAIN GAGE TECHNQIGGtf 

The objective of this section of the components technology report was to review 
current strain sensing devices and evaluate their performance in a 1500 F to 
2000 F airborne thermal environment. The evaluation consists of comparing 
gage principles of operation , gage materials , gage attach methods, installation 
techniques, performance characteristics and gage availability. 
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A literature survey was conducted which resulted in the selection of three 
strain sensing devices for evaluation: 

a. Electrical resistance strain gage 

b. Electrical capacitance strain gage 

c. Thermal -null strain sensor 

The resistance strain gage operates on the principle that when a load is 
applied on any material, that material will expand or attract causing 
strain within the material. If a grid of wire is bonded to the material, 
it will stretch or be strained exactly as tne surface of the test material 
is strained. This stretching and compressing of the grid ware causes a 
change in the electrical resistance of the wire which is proportional to 
the strain in the test member. 

Ore of the major contributors to errors in high temperature strain gage 
applications is the effects of apparent strain.. In a resistance gage,, 
apparent strain causes a change in resistance of a mounted gage due to a 
change in temperature without an applied load on the test specimen. In an 
effort to reduce this apparent strain error, tenperature compensation is 
included in the gage designs. 

Many resi stance gage alloys have been tested in an effort to extend the 
upper temperature limits. Most alloys exhibit a solid solution phase change 
oelow 1200 F. This phase change causes an anomaly in the resistance vs. 
temperature curve and yields an unsatisfactory alloy for high temperature 
strain qage usage. Platinun-tungsten alloys are currently oie best available 
for high temperature resistance strain gages. 

Attachment of high temperature resistance strain gages can be accomplished 
iy using ceramic cement, aluminum oxide flame spray or by elding. The method 
used depends upon the material of the test specimen. 

Itiere are many resistance gages on the market today. However, only a relative 
few advertise the capability of operating at 1500 F and none at 2000 F. 

Since 1968, Hughes Aircraft, and Wright Patterson Air Force Flight Dynamics 
laboratory have coordinated on the development ot a high temperature capa- 
citance strain gage. This gage operates cn the principle that variations in 
the gage dimensions caused by strain in the test specimen will change the 
capacitance of the gage. This change in capacitance is then directly pro- 
portional to the strain in tlie test specimen. The configuration selected 
for- the capacitance gage was a parallel plate gage mounted in a rhombic 
frane. The gage consisted of a capacitance waffer containing stainless 
steel plates with mica dielectric insulator .» mounted in a stainless steel 
ricnbic stress frame. 
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3.0 CRYCGENIC PFESSUXE MEASUHMNT TEOMDLOGY 

Pressure measurements associated with cryogenic systems hiave most frequently 
teen made by locating the transducer away from the sevcore 1 cw turperature 
environment. In more recent applications, the practice has changed so tliat 
transducers are installed directly in the sense port for greater measurtrnent 
fidelity. This trend has been brought about by the changing requirements for 
more precise analysis of system perforrances especially under transient press- 
ure conditions such as for rocket engine performance during engine startup and 
shutdown and during oscillating conditions resulting from combustion insta- 
bility or vibratory interactions. In other vehicle system areas, greater 
iirprovament in measur orient accuracy is required for measuring launch critical 
pressures for reducing uncertainties in the launch decision. 

This trend toward directly installing the transducer into pressure sense ports 
of the cryogenic sys tsn has created a temperature sensitivity problem for 
transducer manufacturers and users alike. In an attempt to keep nraasurement 
system error within generally acceptaole ' limits of five percent of full 
scale or less, instrumentation engineers are constantly in search for a trans- 
ducer enable of satisfactory operation in the cryogenic environment. This 
study is an attempt to satisfy this need with an investigation into currently 
available pressure transducer designs. 

3.1 TRAfc^SEUGER REOCIREMEHS 

The objective of this investigation is to locate a pressure transducer capa- 
ble of use with liquid oxygen or liquid hydrogen systems. The principle goal 
of this investigation is to locate a transducer that is capable of operating 
under the low temperature and fluid conditions of cryogenic systems with a 
terrperature sensitivity error no greater than two percent full scale. The 
transducer shall also possess performance and environmental characteristics 
specified in later sections of the report; however, the principle require- 
ment shall be with respect to tenperature sensitivity. In previous applica- 
tions, tsnperature sensitivity errors and measurement errors due to the vola- 
tility of the cryogen have been the prime reasons for large errors in making 
these measurements. The value of two percent full scale has been selected to 
maintain a measurement system error within the carmonly accepted limit of 
five percent full scale. 

3.2 MSA SURMNT DESOtfPTICtfS 

Cryogenic liquid pressure measurements present an especially difficult prob- 
lem due to the extremely volatile nature of the measurand. Unless transducers 
are carefully instrumented to avoid a biphase condition, the accurate meas- 
urement of pressure under an oscillating or fluctuating state becomes diffi- 
cult due to the change in state from liquid to gas. The oscillation of the 
measurand causes a flow of liquid into sense lines or transducer cavities which 
can be warmer than the boiling point of the cryogen. An exenange of iieat 
energy takes place causing the cryogen to convert to gas which expands and 
tarxls to drive the liquid from cavities and lines. The effect of this change 
of state of liquid to gas is to mask the true pressure fluctuations occurring 
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in the measurand. This condition then is a special problem for dynamic press- 
ure measurements with ccnnecting tubing, voids or chambers. 

In addition, the measurement of cryogenic pressure presents a number of trans- 
dvjcor performance and application problems related to the tempera cure environ- 
ment. Liquid hydrogen and liquid oxygen propellant systems present wide 
ex tr ares of tarperature environments , especially under conditions where the 
cr/ogen in a fecal ine changes from a state of non-flow to flew. Rapid energy 
exchange takes place under the flew condition and tanperature gradient prob- 
lems across the transducer are extremely severe during the initial period of 
flow. Some of these measurement conditions are discussed in the following. 

Typical pressure measurements associated with a large-scale space vehicle 

Tank Measurements 

LOX and Uij, Pressures 
Ullage Gas Pressures 

Feedline Measurements 

IDX and LH 2 Pump Inlet Pressures 
LQX and 11*2 P^P Discharge Pressures 

Feedline Pressures 

Valve and Regulator P* assures 

Ehgine Measurements 

Thrust Chamber Pressures 

LQX and LH 2 Injection Pressures 

Regulator Outlet Pressures 

Pressures ireasurenents associated with tOX and Wj systems can be instrumented 
in three possible configurations. These are depicted in Figure 3.2-1. The 
three potential configurations are: 

Xnmersian of the measurement transducer directly in the cryogenic 
liquid. 

Direct installation of the transducer into a pressure port or boss 
which is called a close-coupled installation. 

Connecticn of a transducer to the measurement source through a 
connect!**? sense line which is called a remote installation. 

Since cryogenic pressure measurenents encotpass such a wide range of conditions, 
each application has its own unique requirements for best measurement per- 
romance with respect to transducer design and application provisions. This 
investigation will explore some of these many possibilities. 
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T$ie pressure transducer associated with these measurements is exposed to a wide 
variation of temperature environrnents. For long-term space operations , envir- 
onmental temperatures may range between -250 to greater than * 250 F. During 
various vehicle and subsystem operations such as tanking, prechilling, propell- 
ant flaw, engine start and valve and regulator operations, more severe environ- 
mental extremes occur. Generally, the worst case transients ore those which 
occur from seme ambient temperature to a cryogenic range. Typical data samples 
from Saturn S-II flight tests [l], [2] are presented in Figures 3.2-2 tlirough 
3.2-8* 


Figure 3.2-2 shows two gaseous pressure measurements using a remotely installed 
transducer. Both instruments re installed in the proximity of the tanks, thus 
are subject to a lew temperature environment. Transducers used in the Saturn 
S-II stage application are provided with heaters which are powered up to the 
time of vehicle liftoff. Measurements utilizing this design are highly accur- 
ate; however, the ullage pressure measurements are one of the few cases wnere 
a heater can be utilized, since the transducer never measures the liquid 
pressure. For longer duration missions, transducers capable of operating 
without the use of heaters would provide a considerable advantage by reducing 
electrical power oonsueption and inproving measurement quality". 

Figure 3.2-3 depicts the pressure measurement of a large tank containing 
liquid oxygen. The transducer is exposed to the liquid oxygen at the face of 
the transducer and ambient temperature around the body of the transducer. In 
the case of the Saturn S-II stage, *his measuranent was implemented to meas- 
ure a low frequency oscillation of the IflX system resulting from center engine 
and vehicle structure vibratory interaction. Moderate measurement accuracy 
has been maintained by completely insulating the transducer. 

Figure 3.2-4 shows the data from three Saturn S-II engine pump inlet measure- 
ments. The D091 pressure measurement is made with a remotely installed trans- 
ducer and temperature controlled with a heater up to the time of vehicle lift- 
off. Measurement D267-205 is an internal feedline temperature measursmait. 
D267-205 is intended to measure the same lew frequency pressure oscillation 
as D266-206, the LAX surp measurement. A significant point to be established 
from the comparison is that a discrepancy in magnitude exists between the two 
pressure measurements. This deviation is largely attributed to temperature 
saisitivity of the close-coupled strain gage pressure transducer. A less tem- 
perature sensitive transducer would provide more useful data. In addition, a 
single transducer capable of measuring both the dynamic and steady-stage con- 
ditions accurately, would provide a significant cost savings. 

Figure 3.2-5 shows a pressure and temperature measurement of the enable LH 2 
purrp inlet. The measurements are similar to the LAX system measurements 
C663-205 and D091-205 except that no oscillation measurement like D266-2G6 is 
node.. 

Figure 3.2-6 shows the accumulator pressure measurement with a change in press- 
ure taking place during pressurization of the accunulator. Temperature measure- 
ment C879-205 is provided to show an approximate temperature profile during 
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Figure 3. 2.2 LOX and LH2 Ullage Pressure Measurements 
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Figure 3. 2-3 LOX Sump Pressure Measurement 
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OSCILLATION INTEREST 



Figure 3.2-4 Engine LOX Pump Inlet Pressure and Temperature 
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Figure 3.2-5 Engine Inlet LH2 Pump Inlet Pressure and Temperature 
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Figure 3.2-6 Accumulator Orifice Pressure and Accumulator Temperature 
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Figure 3.2-7 Fuel Injection Pressure and Temperature Measurements 
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Figure 3.2-8 Fuel Pump Discharge Pressure and Temperature Measurements 
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tte pressurization step with this temperature measurement being made in the 
accumulator rather than at the location of the pressure rreasurument. This is 
a case of a relatively mild transient temperature change. 

Figures 3.2-7 and 3.2-8 both shew pressure steps and bernperature profiles of 
the associated temperature measurements . In the Saturn S-II applications, the 
pressure measurements are made with remotely installed pressure transducers. 
Thus, they are relatively unaffected by temperature transients insensitive to 
high response pressure fluctuations. A close-coupled installation could pro- 
vide more meaningful data. 

3.3 PRESSURE MEASt IREMENT DESIGN OOt^IDERATIOWS , [3], [4]. 

Pressure transducers for advanced space vehicle applications during prelaunch, 
launch, and on-orbit operations require transducers which meet a wide range * 
of performance and environmental conditions. Sane of these are: 

a. Wide range of temperature extremes 

b. High vibration and shock environments 

c. Moderate to high measur&nent accuracy resulting fran good stability and 
repeatability 

d. Highly rupture-proof case designs 

e. Small case size and lew weight 

f . Low electrical power requirements 

g. Long life capability 

h. Good corrosion resistance and chemical inertness 

i. Convenient transducer mounting provisions 

A relatively limited nutter of transducer designs are available which are 
capable of meeting the requirements above as well as one or more of the instal- 
lation configurations of Figure 3.2-1. Pressure transducers are designed as 
integral units where the sensor and signal co n ditioning are contained in a 
single case or as a split package where the sensor and signal ccnditiaiinq 
are two separate modules interconnected by wiring only. Transducers with 
integral electronics are available for cryogenic applications; however, the 
limited temperature capability of the electronics necessitates a remote trans- 
ducer installation and, most likely, a thermal protection provision. Because 
of tne requirement for remote installation only, these transducers are limited 
to measurements of slower responses. 

All transducers involved in this study are designed with a force sirorung 
renter. The force surrung member perforins the function of cxxivertmg the 
applied pressure to a deflection. Designs frequently used are; 
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Diaphragms 
Ancaxud Capsules 
Twisted Tubt-s 
Helical lutes 


The rrest ccrrr'on of these selected for space vehicle instruments is the flat 
diaphragm which is essentially a circular thin plate clanped around its cir- 
cutference. All candidate transducers identified from the survey* conducted 
in tiiis investigation utilized flat diapiuragms except the ootenticxietric units. 

With applied pressure tile diaphragm deflects in accordance with the laws of 
a thin circular plate under conditions of uniform loading. Diaphr gms are 
usually designed so that the center deflection does not exceed naif the 
thickness of the plate in order to maintain a linear relationship between 
deflection and applied pressure. Where larger deflections are required, 
corrugated diaphragms are used which allow approximately two percent of the 
diameter dimension for deflection. In cases where large deflections are 
required, aneroid capsui.es or bellows are used. Aneroid capsules are composed 
of two identical corrugated diaphragms welded together face-to-face at the 
periphery. Bellows consist of stacks of capsules joined together to form an 
air-tight cavity. Capsules and bellows are manufactured frar, a variety of 
materials with phosphor bronze, Inccnel-x and Ui-Span-C temg among the most 
con ton. Ferre us nickel or stainless steel diaphragms are selected for appli- 

cations of extreme temperature environments due to the bairperature stability 
of these materials. Bourdon tubes, C-tubes, twisted tubes, spiral tubes all 
operate on the principle that pressure differential between the exterior and 
the interior of the tube creates a forae tending to wind or -unwind tne tube. 
Transducers are designed utilizing the principle that if the open end of 
the tube is held in place, the closed end tends to move/ Pressure changes 
are sensed by attaching strain gages or the slider arm of a potentiometer to 
the tube. 

Coupled to the force sunaing member either directly or through linkages is 
the sensor which may airplay any one of a number of transduction principles 
available in the field of transducer technology. Seme of the more ccirmon 
transduction techiques ares 

Variable resistance - potentiometer 

Variable capacitance 

Variable inductance 

Piezoelectric 

3.3.1 Potentionetric Pressure Transducer 

Ihe potentiaretrie pressure transducer represents one of the simplest design 
approaches for pressure measurements. The instruct operates frcm a dc 
source and provides a high level signal output as a function of the applied 
pressure. The basic operating principle is that the measured pressure is 
applied to a force sunning member { usually a capsule, bellows, bourdon tube, 
or otter tube configuration) which moves a sUding oontact over an electrical 
resistance elerrent. The output voltage is a function of the position of the 
slider contact on the electrical resistance element and applied voltage across 
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the resistance element. Most applications use linear potentiometers ; however, 
logarithmic, exponential or sine functions are also available. 

The potential trie resistance element is usually between 0.3 to 0.8 inches 
in length. For most force surming members except for the bourdon tube ana 
other tube configurations, the motion of the flexible metal element requires 
amplification through the use of linkages. The relatively large* motions 
required by these transducers also requires relatively large internal volijnes 
anJ relatively large internal volume change. These design features lir.ut 
the use of potentiate trie transducers to measurements with relatively slow 
pressure changes and increase trie sensitivity of the transducer to vibra- 
tion and temperature extremes. In addition , friction effects from movonent 
of the linkages and the slider arm contact with tiie potentiometer require a 
relatively high force to overcaae the frictional effects. The high force 
requirements generally restrict this design for use in very’ lew pressure -meas- 
urements and generally result in larger transducers due to the larger capsule 
sizes required tor the higher forces. Diligent design considerations and 
care in the selection of materials can often overcome many of these limiting 
design features. Pivotal bearirqs such as ball or jewel beaming must be 
selected for lav friction, long life, mininixn dimensional error, and good 
vibration and acceleration capability. Oil damping often is utilized to 
increase vibration capabilities and heaters are utilized to improve lew 
temperature performance. Where oil darned transducers are exposed to temper- 
ature much below approximately -65 F, heaters are required to maintain accept- 
able performance levels, especially response characteristics. 


Wiper desici is another critical component for potentiate trie transducers 
since wiper liftoff or wiper resonances are often problems which result in 
signal output spikes or noise. Often the problem results in a tradeoff 
between increasing wiper pressure against the potentiometer which increases 
tiie frictional problem of the wiper on the resistance element. A canron 
design approach in the solution of this problem is to use a double wiper with 
contacts on either side of the resistance element. This design eliminates 
the noise due to discontinuities, since at least one wiper maintains contact 
with tiie resistance element. 

Potentiometers for transducers are constructed in linear and curved shapes 
of either rectangular or round cross section. The resistance elements can 
be constructed for a linear output or other non-linear outputs such as a 
logarithmic function. Precision performance from the resistance element 
depends on a number of electrical and mechanical considerations. Seme of 
these are: 

Constant specific wire resistance 

Constant resistance and contact resistance with v*:ar 
Low thermo-electric effects 
Constant resistance at variable temperature 
Constant output voltage with variable wiper loads 
Constant insulation resistance values 

Constant wire diameter and piten winding with environments and usage 
Constant physical characteristics and relationship of the former and wiper 


27 


SD72-SA-0 156-1 




Space Division 

North American Rock we# 


The resistance element wire must be precisian drawn and annealed in a reducing 
atmosphere to avoid surface oxidation. The thermo-electric characteristics of 
tiie wire should be protected fran surface corrosion by enameling or oxida- 
tion. For snail gages, the wire must be strong and ductile for winding on 
the mandril. 

Wire resistance stability with time depends upon annealing and upon the ability 
of the wire material to withstand corrosion. Canron resistance alloys in 
general use are listed below; 

a. Copper-nickel alloys have the lowest temperature coefficient of resist- 
ance and a medium-high resistivity. Mechanical strength is adequate but 
thermoelectric characteristics with copper is very poor. 

b. lUckel-chraaiurn alloys have high resistivity and fairly low temperature 
coefficients of resistivity. Their resistance depends on the state of 
annealing. Mechanical strength is high and ultimate , working tempera- 
tures are high. 

c. Nickel-chrcmiun iron alloys cost less than nickel-chromium allays but are 
ferro-magnetic at roan temperatures and have higher temperature coeffic- 
ients. 

d. Silver-palladium alloys have higher resistance to corrosion and thus 
lower contact resistance. 

3.3.2 Strain Gage Pressure Transducers 

The application of the strain gage principle to pressure transducer technology 
is widespread and highly successful. The technique of applying strain gages 
to a force summing mother is adaptable to a number of possible configurations, 
thus strain gage pressure transducers are available in low to high ranges and 
in all sizes. 

The most canton method used in the industry is either to bond the strain 
gage directly to a diaphragm or other deflection member, such as a beat {bonded 
strain gage design) or to mechanically couple the strain gages (unbonded 
strain gage designs) to the diaphragm. Most strain gage pressure trans- 
ducers are designed with four active strain gage elements oornected in a 
Wheatstone bridge arrangement. The gages are installed on the diaphragm or 
beam so that two gages are in tension and two in compression when deflection - 
of the diaphragm occurs. Connecting two gages so that the resistance 
increases and two gages so that the resistance decreases in opposite arms of 
the bridge results in maximun bridge output. 

The full scale output of a metal wire or foil gage is approximately 50 to 60 
millivolts for banded gages, and 60 to 80 millivolts for unbonded gages with 
a 10-volt excitation voltage applied. With the addition of compensating and 
trimning resistors, the full-scale outputs are reduced typically to 30 milli- 
volts and 40 millivolts. Most applications require amplification of this 
low level signal to a high level signal cormonly 0 to 5 vdc. The signal 
conditioning can be provided with the electronics contained within the trans- 
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duoer housing or in a split package. The option of a split package design 
provides a significant advantage for the strain gage transducer. On a large 
scale space vehicle, the split package option utilizing a strain gage trans- 
ducer with a remotely installed dc amplifiei can result in considerable cost 
savings both in the area of measurement hardware and bracket!"/ required. 

Without signal conditioning electronics transducer sizes can be rode small 
enough for port mounted installations undergoing severe environmental condi- 
tions. This feature is extremely important for cryogenic applications where 
dynamic response measurenents are required. The port installation is tie 
only means available for an accurate reproduction of the pressure fluctua- 
tions in the cryogenic lines . 

3.3.3 Piezoelectric and Quartz Pressure Transducers 

Piezoelectric and quartz materials generate an electric charge with applied 
stress. This principle is applied to pressure transducer technology' through 
the use of a flat diaphragm which transnits a force to the crystal material 
directly or through mechanical linkages as a function of the applied pressure. 
Materials which exhibit the piezoelectric effect are either synthetically fab- 
ricated or found in a natural state. Natural crystals are quartz and rocbelle 
salt. Synthetic crystals sure lithium sulfate, arrmoniun dihydrogen phosphate 
and polarized ferroelectric ceramics such as barium trianate. 

Piezoelectric materials respond to mechanical stress in different modes such 
as in tension, compression and shear. Metal electrodes are plated onto the 
selected faces of the piezoelectric material for the desired mode of mechanical 
loading to pick off the generated charge, the electrodes being the plates of 
a capacitor. The piezoelectric element is thus a charge generator and capaci- 
tor. The technique is not applicable to steady state responses since the 
finite insulation resistance of the transducer circuit and the shunting effect 
of the load resistance cause tiie generated charge to gradually leak away. 

The crystal transducers offer a number of highly desirable features which 
cannot be equaled by any other designs currently avaialble, The transducer 
size is the smallest of all pressure transducers availalbie In addition, the . 
instruments a_e characterized by a high natural frequency capbility. Trans- 
ducers are available which weigh less than one gram, and self-contained 
electronic units for pressure measurements are available which weigh less than 
10 grams (not tor cryogenics) . Temperature capability of these transducers 
are also extremely good with designs available for direct installation into 
feedline bosses of cryogenic systems. 

The prime limitations of crystal transducers are their lack of steady state 
response, their high electrical output impedance and the need for low-noise 
icw-capacitanoe cables. 

3.3.4 Variable-Reluctance Pressure Transducer 

Variable reluctance pressure transducers operate on the principle that press- 
ure changes on a diaphragm can be utilized to vary the inductance of a coil* 
Coil inductance variations can be achieved by changing: 
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a. The coil geometry 

b. The reluctance of the magnetic Path 

c. The permeability of the magnetic core material 

d. The coupling of two or more elemaits of a coil 

Of the four techniques above, the changing of reluctance of a magnetic path 
is the most caimon technique in use. 

The variable-reluctance principle is usually designed with a diaphragm of 
magnetically-permeable material, supported between two inductance elements . 

An unbalance of pressure cn eiti^er side of the diaphragm creates an unbalanced 
force which displaces the diaphragm and results m a change in reluctance in 
the magnetic path by increasing the gap in the magnetic flux path of one core 
and decreases the gap equally in the otter core. Available pressure ranges 
for inductive transducer ranges fran 0.0 to 5000 psi. 

In this investigation no transducers were identified utilizing the variable- 
reluctance principle. 

3.4 SURVEY RESULTS CF CURR1OTLY AVAILABLE DESIGNS 

Tte survey of manufacturers reveals that of the approximately 50 suppliers 
contacted, seven have submitted data indicating the availability of pressure 
transducers operable at cryogenic tanperature ranges suitable for space 
vehicle usage. The instruments identified utilize one of three sensor tech- 
niques either potenticmetric, piezoelectric or strain gage. Manufacturers 
responding favorably to the survey were: 


Manufacturer 


Transducer Type 


Bell £ Howell/Consolidated Electrodynamics 
Bourns, Inc. 

Dynasciences Corporation 
Genisco Technology Corporation 
Kistler Instrument Corporation 
MB Electronics 
Statham Instruments, Inc. 


Unbonded Strain Gage 
Potenticmetric 
Bonded Strain Gage 
Bonded Strain Gage 
Piezoelectric 
Bonded Strain Gage 
Deposited Strain Gage 


Originally a much larger number of manufacturers indicated the availability 
of pressure transducer deisgns capable of operating under a cryogenic environ- 
ment. Many of these sources could not be identified in this investigation 
because sufficient data were not available or because tte part was not manu- 
factured as a standard commercial item. A number of other manufacturers have 
transducer designs which appear suitable for cryogenic applications but are 
not so advertised since tests have not been conducted at the cryogenic 
oivixonments or tests and test data are not complete. Thus, tte results pre- 
sented herein should not be interpreted as the total industrial capability 
for cryogenic pressure transducers. The results presented are intended as 
a reference source for transducer desig n s readily available as off-the-shelf 
equipment. 
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PTIH-10-6P (OR E OU IV) 

MATINS CONNECTOR BENOlX 

PTS06A- 10-65 (SR) OR EQUIV SUPPLIED 

[51 

Figure 3. 4.1. 1-3 Bell & Howell Type 4-356 
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Bell & Hcwell transducer IVpes 4-312, 4-313, 4-316 and 4-317 are similar in 
appearance and internal design. The case and diaphraam are constructed in 
one-piece from 410 stainless steel/ Both Types 4-316 'and 4-317 are constructed 
iron non -organic materials, special ceramics and feed-throughs , which provide 
resistance to nuclear radiation effects. 

Instrument Types 4-326, 4-356 and 4-361 are cavity units whose case and dia- 
phragm are constructed from 17-4 PH stainless steel. Type 4-326 is advertised 
as a general purpose transducer offered in a wide range of pressures and per- 
formance tolerances. Type 4-356 offers the best temperature performance of 
the Bell & Hcwell transducers. Type 4-361 is designed especially for appli- 
cations involving wide temperature ranges and intense nuclear radiation envir- 
onments. This unit has the widest advertised temperature capability of ail 
the instruments identified in the survey with a rar*ge of -423 to 700 F. 

Outline dimensions of transducer Types 4-313, 4-356 and 4-361 are provided in 
Figures 3. 4. 1.1-2, -3, and -4 as typical examples of the Bell & Howell prod- 
uct line. 

3. 4. 1.2 Bourns, Inc. 

Bourns Models 434, 441 and 534 are potentiaretric pressure transducers designed 
for cryogenic temperature service. Models 434 and 534 cover lew pressure 
ranges to 5 psia and psid ranges, respectively. Model 441 covers high press- 
ure ranges to 500 psia. 

Model 441 is one cubic inch in size with a weight of 2-1/4 ounches. The instru- 
ment is designed to provide a linear, high-level voltage output with pressure 
variations. The transducer is operable with excitation voltage compatible 
with a power rating of 1 watt at 165 F. 

The Model 441 utilizes an aneroid capsule for a force surming member with 
the free end of the capsule attached to a strut wire which, in turn, is fixed 
to the potentiometer wiper am assembly. The arm is free to rotate about a 
pair of crossed strip flexure pivots. Contact of the wiper arm to the poten- 
tiometer is made with a small diameter wire constructed for light weight 
and strength. Pressure applied to the pressure port fitting deflects the 
free end of the aneroid diaphragm which transmits this linear motion to the 
wiper arm through the strut wire. The strut wire is attached to the short 
portion of a motion multiplying lever whose free end carries the element wiper 
contact. The mechanical lever multiplies the strut wire motion by approxi- 
mately four times in rotational motion of the wiper across the output poten- 
tiometer. The two crossed strip flexure pivots provide frictianless bearings 
and support for the motion multiplying lever* Adjustable counter weights on 
the short end of the lever provide counterbalance correction from acceleration 
and vibration. 

The transducer is packaged so that the force sunning mender, the potentiom- 
eter and all linkages are mounted on the most rigid center section of the ali- 
weldod case. A positive mechanical stop design is provided so that the deflect- 
ion of the free end of the capsule is controlled in the direction of the 
applied pressure. Temperature performance capability is achieved by mechanical 
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ELECTRICAL CONNECTOR 
PTIH-8-4P BENDIX 
OR EQUIVALENT 




PRESSURE FITTING 
MS-33656* STYLE E 
-2, -3 OR -4 


[ 6 ] 

Figure 3.4.1, 2- 1 Bourns Model 441 
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Figure 3. 4.1. 2-2 Bourns Model 441 Internal Design 
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NOT REQUIRED IN 
RSI A, PSIG RANGE 


C6] 

Figure 3 . 4. 1. 2-3 Bourns Model 434/534 
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Figure 3. 4. 1.2 -4 Bourns Model 434/534 
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Figure 3. 4.1. 3-2 Model FPB02 Bonded Foil Gage Pressure Transducer 
(Absolute and Gage) Scale: full Size 



Figure 3. 4 . 1 . 3-3 Foil Gage Pressure Transducer FPB03 Scale: Full Size 
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compensation at the welded joint of the Ni-Span-C aneroid capsule. A special 
Bourns technique is utilized to achieve this compensation by tie application 
of the welded joint and in the weld material. Other provisions include the 
selection of good thermal characteristic materials for all primary parts of 
the sensing assembly. .The pressure media cavity is constructed of 304 SS and 
Wi-Span-C. 

3. 4. 1.3 Dynascieices Corporation ^ 

Series FPB 01, 02 and 03 transducers a:re bonded foil gage instrunents with a 
flat diaphragm as the force suntriing device coupled to a miniature bending 
.beam, A pair of gages are attached to either side of the bending beam in a 
fully active Wheatstone bridge configuration. Diaphragm and case are 
machined as integral parts from 17-4 PH stainless steel. Pressure, applied 
to the diaphragm, is transmitted directly to the beam and induces displace- 
ment. resulting in a proportional change in output voltage. The 'short direct 
metal path from diaphragm to bending beam provides a lew mass , high spring 
rate systen for minimizing acceleration response and a rapid torperature 
stabilization for minimizing thermal shock and temperature errors. Gages are 
utilized which compensate for modulus changes, thus ijtproving stability by 
minimizing compensation network. 

Figures 3. 4. 1.3-1 through 3.4.1, 3-3 describe the outline configurations of 
these instruments. 

r 8 l 

3. 4. 1.4 Genisco Technology Corporation L J 

Genisco advertises eight model numbers operable to the cryogenic temperature 
ranges. All of the instrunents employ the bonded strain gage principle. Two 
basic design approaches are utilized for the cryogenic sensors. .Model num- 
bers PB419, PB513, P3519, PB531, PB535, PB536 and PB923 employ a miniature 
cantilever bending beam design. The cantilever beam is a miniature beam 
which is part of the diaphragm assembly. Four metal foil strain gages are 
bonded to the stress concentration areas of the beam to form a fully active, 
four-arm symmetrical Wheatstone bridge. An overload step design permits the 
transducer to withstand overpressures up to 30 times without permanent damage. 
Model number IBA103 is a bo n ded strain gaga unit with the foil gages bended 
to the back of the diaphragm. Four strain gages, two oriented radially and 
two circumferentially , are bonded on a single piece of backing material. 
Pressure applied to one side of the diaphragm deflects the diaphra^n and 
transmits this deflection to the gages bended to the opposite side. In both 
desions deflection of the diaphragm provides linear output voltage proportional 
to the applied pressure and excitation voltage. 

All of the transducers are designed with threaded pneunatic fittings and con- 
structed from 17-4PH stainless steel. Instrunents are available in ranges 
from 0 to 15 through 0 to 10,000 psia, psig and psis ranges. 

Outline configurations are provided in the following figures. Not all of tha 
part nutters are represented with drawings. 
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Figure 3-4.U4.-l ® Genlsco Model 1BA 103 Pressure Transducer Scale: Full Size 
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Figure 3. 4 . 1. 4 - 2 ®Genisco Model PB419 Pressure Transducer Scale: Full Size 





Flfurt 3.4, 1.4-4 W Genlsco Model PB531 Pressure Transducer Scale: FullS 
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. -fa) Genlsco Model PB9Z3 Pressure Transducer 
Figure 3.1.1.4-5«« Sc#le; Ful] $ize 



Space Divts ion 

■ r ^<> kw*?h 


3-4.1 . j Fastiur^ 


Series t ">I f 


arv4 606 quartz crystal piut^iuvtxic pressure rs are 


dy.vrr cc teusuruv instxunonts which convert apptiv**. pressure s h> -rxc : ; 
u.. orge signals, Pressure reuses are available from 1 U JO, It, JO. uvi up 
tc la. vOv psi. The ajtstrr: eats ate characterized i,y fact ie.ii/:;;;>.: mva >u:u * 

1 ; 3-j f a- : ; 5 .. t r.i ly 'c r ' mease r mg dyr tern t eerd ,i tiens . I utvi i a; u 1 L art ; *; n 3 

xie tno me^3ura:ae*t of shock. -avos , blasts , expiosicns, t u;a any ,ac riatic 
put. sa t^ons or turbulence. Instruments have operational ttriporauure caivabi ii- 
tiu-s between ranges of -450 F to 500 F, -32 Q'f to 400 F, -35a F to 45- l\ 


TUs instriraonts operate on the principal tnat pressure applied to the uia- 
phrafi oi the traru*>Jucer is converted to a force action on tre quarts crystal . 
The stress results m a •strain which produces an electric charge cn opposite 
faces of t;>- crystal. In the most sensitive axis, the value of te output is 
2.30 picocouia*-Jj per newton where one ixvtcn equals C.225 pelvis of force. 
Quartz ti-.an-sdyc.ers possess many unique environmental properties., quartz Ires 
not require thermal cor.ponsau.cn cecause it is carp lately r.on-pyrce 5 c tr ic . 
Transduces are highly resistant to shock, and vibration because of the great 
rigidity and strength of tine quartz material. 

lias errin' ts or a capable of withstanding shock and vibration levels in t.ne 
thousands of y ’ s . 

Ui.aphruqsrs and joints are heli-arc w-eldcxi for strength -.and hermetic sealing. 
Diaphragms are typically constructed iron 316 stainless steel. . The tear •jaded 
bodj for model 606 is constructed from typ>~ 304 stainless suael arc 17- ; 

.fpr the higijer pressure model series fcGi ai)d 603. 

The piezoelectric effect ci -quartz us constant, bat the sensitivity if trans- 
ducers will vary Iran each other as a function of tune number of plates 
connected in series and with the effective area of the aia; hr acm, Trans- 
ducers Tire- inaxvidvaliy calibrated for sensitivity fn picocoultroos pet usi. 

The attached tables list some current Fustier pressure transducers with tneir 
nominal sensitivity values as well as otixr performance features. The fig- 
ures s now a typical tr nsdacer internal design ana external .ccnfiyurati.in. 

fn] 

3. 4.1. 6 MB electronics * xx J 

Series i 7 2 are tended strain gage press are transducers designed for use in a 
cryogenic environment, Transducers ore offered m tioreo reference pressure 
types , FS'IG "gage/’ PSXA “absolute/' arid PS IS “sealed/’ For PSXG transducers, 
zero reference pressure is anbiuit auTospberic pressure; fer ?Sh\ types, zero 
reference pressure is absolute zero pressure; wmle for Pi lb units, zer . ref- 
erence pressure it i4.7 psia. The Series 172 instruments are cap-ibie of 
meeting all ixrfcrrrance .specifications without prior exercising Instr 
ments ruy be operated for exteruiaa periods of t ine at cho -uxuv.m 

voltage of 20 volts ac or dc witiaout resultant penxunor.t cnju.oe m ? **rf tr- 
ance spjecif icaticns , The units are designed for ox ration una%r hug;*, l-.v^ls 
of shock, sine and random vibration up to 1.0 g T-liz over tube fre^p.ejvc*/ qxx:t- 
trar. of 0 to 2000 Hz in any axis. 
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COAXIAL RECEPTACLE 


HEL.IARC WELD 


PICKUP LEAD 


SEAL RING 


PREL0AO SLEEVE 

ACCELERATION COMPENSATION 
MASS 

QUARTZ CRYSTAL PLATES 


HELIA.JC WELD 


OIAPHRAGM 


Flgurt 3. 4. i. 5-lC?l(istler Series Typical Internal Oeslgn 
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Figure 3. 4. 1. 6-2 PH MB Electronics Series 172 
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The body and diaphragm of the transducers are integral; machined from a solid 
piece of 17-4 PH stainless steel* The design employs a cantilever-beam 
sensing element using bonded foil strain gages in a four active- arm Wheatstone 
bridge. Diaphragms are designed up to 0.060 inch thick and thus are not dis- 
placed more than a fraction of its thickness to optimize linearity, hysteresis 
and high repeatability. 

The body-diaphragm and all major external parts of transducers are made of 
17-4 PH stainless steel. Pure nickel gaskets are used between the pressure ' 
head and body on pressure ranges of 100 psi and belcw. Tef lon covered stainless 
steel 0-rings are used on the ranges of 150 to 1000 psi while no sealing devices 
are used on ranges of 1500 psi and above. Stanless steel connectors are avail- 
able on special order. In ranges of 2000 psi and above, the transducer dia- 
phragms can withstand over 30,000 psi. The transducers can be used safely in 
systems that must be vacuum purged, and can be used where shock wave fronts 
approaching at 90 degrees induce sudden negative pressures. Transducers are 
designed with no sharp comers or hidden pockets for easy cleaning for ICX 
and other special aerospace applications. On ranges 1500 psi and up, the 
entire pressure cavity is accessible without dianantiing. On ranges belcw 
1500 psi, the pressure head can be removed to expose the diaphragm. 

Transducer outline dimensions are provided in Figures 3. 4. 1.6-1 and 3. 4. 1.6-2. 

ri2i 

3.4. 1.7 Stratham Instruments, Inc. L J 

The Statham Model PA 822 pressure transducer is a relatively new transducer 
which utilizes vacuum-deposited thin film strain gages for the sensing ele- 
ment. The transducer is designed with a flat diaphragm whose deflection as 
a function of applied pressure is transmitted to a double cantilever beam by a 
linkage pin. Strain gages are vacuum-deposited on the beam in a full bridge 
configuration so that the deflection causes tensile strain in two gages and 
compression in the other two gages of the bridge. With excitation voltage 
applied, the change in bridge balance produces an output voltage proportional 
to the pressure applied to the diaphragm. Transducers are designed for a 
typical output of 3 millivolts per volt of excitation. 

The Model PA 822 is designed with a threaded pressure fitting fabricated frcm 
17-4 stainless steel. The undercut detail shown in the drawing is designed 
for mechanical and thermal isolation of the transducer frcm its mounting sur- 
face. 

The pressure fitting, diaphragm, linkage pin, frame and beam are electron 
beam welded to form the sensor mechanisn. To obtain a match of temperature 
coefficient of expansion, the sensor mechanism components are fabricated 
fran tha same material 17-4. The vacuum side of the transducer case is 
electron beam welded to the sensor assembly. Electrical connections are 
made by micro-circuit welding gold leads to the deposited pads and routing 
the leads through the hollow fused pins in the vacuum case. The hollo* pins 
are brazed closed and vacuum is pulled on the vacuum case* The vacuum seal 
is acocmplished by an electron beam welded ball, seal. The bridge is contained 
in the normetically sealed vacuun conpartonent. Temperature .corrpensation and 
balance resistors are installed behind the vacuum case. Typically the resistor 
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F igure 3. 4. 1. 7 



Statham Instrument! Model PA - 822 - 1M 
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Table 3.4-1 Tabulation of Performance and Physical 

(Sheet 1 of 2) 
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networks are potted to provide protection fran vibration and shock. The outer 
case and hermetically sealed connector are electron beam welded for a completely 
hermetic sealed transducer. 


The PA B22 transducers are temperature compensated for operation over the 
range of -310 F to 30 F to offset errors from the temperature coefficient of 
resistance of the gage material, gage matching, and the match cf coefficient 
of expansion of the sensing mechanism structure. Gage matching can oe accomp- 
lished closely since the thin film process is applied simultaneously to all 
four gages with precisely controlled aeposition masks.. Sensing mechanism 
structural corpcnants are all fabricated from tne same material to minimize 
coefficient of expansion errors. Zero shift and sensitivity change are com- 
pensated by aduing resistors with the appropriate temperature coefficients of 
resistance to the bridge circuit. 

Transducer details are provided in the following figures. ' 

Table 3.4-1 provides a tabulation of same performance and physical design 
features. While any one or a nurber of transducer operational or design 
features could be key to the selection of a specific transducer, the following 
are considered some of the more important. The terminology used in the tabu- 
lation is in keeping with the Instrument Society of America transducer termi- 
nologies. 

OPERATIC PRLOPLE; The nature of the sensing technique and 
the transduction principle necessary to sense the measurand and 
produce an output signal. 

MEASURAND RANGE; Minimum and maximum values of the measurand 

OVERRAMGE: The maximun magnitude of measurand that can be applied 

to a transducer without causing a change in performance beyond 
specified tolerances (expressed as percent of full-scale measurand) . 

DfiCHMICW: The nature and magnitude of all external energy 

required for proper transducer operation; excluding the measurand. 

NCN-AINEARITV (Endpoint Method) ; The deviation of actual output 
of the transducer fran a straight line between zero pressure and 
rated pressure outputs during one complete pressurization cycle. 
Impressed as a percentage of full-scale output. 

HYSTERESIS : The difference in output at any given pressure value 

within the transducer range when the value is approacnea first with 
increasing and then with decreasing pressure. 

NGN REPEATABILITY; The inability of the transducer to produce the 
same output, under identical environmental conditions , during three 
consecutively repeater! pressurization cycles. Expressed as a per^- 
centage of full-scale output. 
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RESOLUTION; The smallest change of measurand that produces a recog- 
nizable change in output expressed as percent of full-scale meas- 
urand. 


FULL-SCALE OUTPUT: The change in output between zero pressure 

and rated pressure, expressed in millivolts output per volt input. 

CCMPEN SATED TEMPERATURE; The range of temperature over which the 
transducer is compensated so that thermal sensitivity shift and 
thermal zero shift will not exceed the specified amount. 

SENSITIVITY SUFT WITH TEMPERATURE: The change in sensitivity 

caused by a specified change in ambient tstperature within the compen- 
sated temperature range. Expressed as a percentage of reading per 
100 F. 

ZERO PRESSURE OUTPUT SHIFT WITH TEMPERATURE: , The chaise in the zero 
pressure output of the transducer with a change in temperature. 
Depressed as a percentage of full-scale output par 100 F. 

MAXIMUM SAFE EXPOSURE TEMPERATURE: The maximum temperature to 

which the transducer may be exposed without a permanent change in 
performance characteristics. 

3.4.2 Trade Evaluation of Designs 

The transducers identified as capble of operating in a cryogenic application 
are all split package designs. Transducers with integral electronics are 
available for cryogenic applications; however, the limited temperature capa- 
bility of the electronics necessitates a remote transducer installation and/ 
or thermal protection provisions. Tiiis statement assures a transducer tempera- 
ture operating environment within cryogenic ranges. Generally, instruments 
with these design features are available by special order only. 

Transducers operating with a thermal control provision, such as an internal 
heater, or protected by installation in a temperature control container are 
capable of a high degree of measurement accuracy, generally better than any 
split package design under extremes of tsnperature. There are, however, a 
number of serious limitations. 

a. The units require a heater which becomes a source of heat leak into the 
cryogenic system . This limits the use of these transducers to a remote 
installation only. 

b. The unit si .e is generally larger due to the electronics and heater pro- 
visions. Tte larger transducer size requires bracketry for installation. 

c. In applications where large numbers of measurements are required to 
operate over long durations, electrical power requirements become a 
serious trade consideration and electrical power limitations and safety 
consideration may dictate the operation of units without heaters. 
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-Because of the limitations identified, transducers with integral electronics 
are useful cniy for rorotely installed applications and whzre the tradeoff of 
high electrical pcwer for heaters is considered justified in order to .achieve 
the accuracy level of these units. 


All of the instruments identified as candidates for this investigation are 
split package designs which are available in a wide range cf sizes and 
weights and differ considerably in operating principle. The principles 
include strain gage, potc^ticroetric and piezoelectric techniques. As des- 
cribed earlier, tiie signal output for these instruments differ signlficmtly. 

Po ten clone trie emits provide high-level outputs, strain gage -units operate 
with low-level outputs and the piezoelectric transducer provides a charge 
output. These differences are further expanded to include differences in 
wiring, signal conditioning requirements , and excitation supply voltages. 

In these areas the potentiate trie transducer excels. The unit provides a 
convenient high-level output either ac or dc as a function of the excitation 
simply voltage. The carman application is to provide a 5 vdc' supply for a 
0 to 5 vdc signal output. Except for the power supply, no additional nodules 
for signal conditioning is required. Both the strain gage units and the piezo- 
electric transducer require the use of amplifiers for signal ccrditicing. 

The cost of an additional signal conditioning module and installation and 
wiring provisions as well as the added weight factor rank the strain gage 
and piezoelectric units lower than the potentiate trie unit m this regard. 

As far as the sizes and weights of the transducers are concerned, there is a 
wide variation between manufacturers. The piezoelectric instruments are the 
smallest and lightest of all the instrurents. Hie unit weight and size 
factor is an important consideration for cryogenic measurements , especially 
where the instruments must be installed in the close-coupled configuration. 

In many cases, the unit weight in conjunction with the high vibration and 
shock environments prohibit installation of these transducers directly into 
the pressure ports or bosses without additional support bracketry. For ttese 
larger and heavier transducers, a significant convenience and cost savings 
factor is lost, which is considered one of the advantages of the split pack- 
age design. The convenience factor results from tiia easy removal and inter- 
changeability of transducers and the cost factor results from savings in 
bracketry costs. Since a number of variables are interrelated in debannining 
the feasiblity of installing a transducer directly into a port, no definite 
statements can be made for size and weight ranges for safe installations 
witiout brackets. For purposes of this study, an example is sited based 
on an S-II stage usage where a transducer weighing approximately six ounces 
was port i-rounted safely on a f eodiine . Approximately 40 percent of the 
transducers discussed in this study weigh less than six ounces. The size of 
the instnment is also a significant consideration with respect to the influ- 
ence of the temperature extremes on the sensor. Conclusions by Kinzie und 
Murphy as described in reference source [15] indicate that heavy , thermally 
well-protected cavity type transducers have relatively good performance 
characteristics under certain transient flowing liquid hydrogen applications. 
Other evidence indicates that a transducer capable of reaching a uniform 
torperature rapidly is most likely to reach a stabilized output rapidly. 
Transducers which are capable of exposure to tanperature extremes aid gradients 
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with the minimum of stress to the case and to sensing elements is less 
likely to exhibit large errors* Small transducer size contributes toward this 
goal by reducing thermal mass and muiimizing tatperature gradients. In addx- 
tict:, insulating the transducer to maintain a constant temperature is facili- 
tated with small units. 


Closely allied to the transducer size consideration is tha configuration. 

All transducers listed in this survey have either a male or female threaded 
fitting or threadeu body except Bell and Howell *s models 4-312, 4-313, 4-316 
and 4-317, These units have flush diaphragms with a flange seal. Transducers 
with male or female threaded fittings provide flex.ibi.lity for inter-changing 
units, perhaps one range for another or one manuf acturer 1 s part for another 
manufacturer's part (assuming compatible thread size;. Serve of the units with 
external threaded fittings are flush diaphragm designs with the body threaded 
ratter than with pneumatic fittings. Transducers of this configuration have 
definite advantages for monitoring dynamic pressure responses of a cryogenic 
median. Transducers of this cxxvfiguration with the thread size are listed. 


Manufacturer/Part Number Thread Size 

Kistler 1/2 - 20 

Models 606A and 6Q6L 

Units with threaded male fittings are: 


Manufacturer/Part Junber 


Thread Size 


Bourns Model 441 
Bourns Model 434/534 
Dynasciences FPS01/FPB02 
Oynasciences FPBQ3 
MB Electronics Models 172-QHA-l 
and E3A-1 

Statham Model PA 822 
Gem sco Technology Corporation 
Bell & Howell 
Series 4-326 
4-356 
4-361 


MS-33656, -E2, 3 or 4 

MS-33656-E4 

MS-33656-E4 

MS-33656-E4 

MS-33656-E4 

MS-33656-E4 
MS-24 385-E4 
MS-33656-E4 


Units with threaded fanale fittings' are listed below. It should be pointed 
out that units with fanale fittings can be converted to male fittings with 
an adapter. 


Manufacturer/Part Number Threaded Fitting 

MB Electronics 7/16 - 20 UtfF - 3B 

Model 172-KAA-l per AND-10050-4 

172-BAA- 1 


Another consideration related to interchangeability is the transducer output 
jjqpedance, supply voltage and signal output voltage. A tabulation of strain 
gage designs result in the foUcwing breakdown. 
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Excitation 

Output * 

Signal 

Supplier 

Voltage 

Impedance 

Output 

(ac or dej 

(ohms) 

(mv/y ) 

Dynasciences 

107 

350 

3.0 

Statham 

107 

350 

3.0 

MB Electronics 

107 

350 

3.0 

Genisco 

107 

350 

3.0 

Bell & Howell 

107 

350 

3.0 <4-312, 313, 

316, 317) 

4.0 <4-356, 361) 


The candidate strain gage instruments of this study all have standard outputs 
of 3.0 mv per volt of excitation except the Bell and Howell models,- 4-356 and 
4-361 which have a 4.0 mv per volt output. These electrical ccmonalities 
ease interchangeability' problems from one manufacturer's part to another. Cue 
consideration which should not be overlooked is that differences in the var- 
ious tolerances will affect the end point values and also the output sensi- 
tivity value. Wherever a single amplifier provides signal conditioning for 
a number of measurements , the use of these transducers may not be suitable due 
to the variations between instruments. 


Transducer shelf life and operational life data have not been identified from 
this survey. In addition, these characteristics are a function of the cycling 
rate and operational pressure magnitude and whether the unit is operated at 
full range or at an intermediate range. Based on an assessment of these com- 
ponent parts, it can be stated that generally all of the candidate trans- 
ducers are designed for simplicity and of materials without significant 
deteriorating properties. In the case of absolute units, long-life capabili- 
ties are further enhanced by the fact that the sensing mechanism is usually 
located in the evacuated chamber where corrosive or oxidizing effects are 
nunimized. The structural members associated with the sensing system are all 
fabricated from high-strength stainless steels and operated at the lew end of 
its endurance limit value. These structural members should not normally be 
a failure source unless overpressured. The unknown opponents with respect 
to life are compensating resistors, strain gage elements, connecting wiring 
and tteir junctions and connector elements. In the case of the potentio- 
metric transducer, the wiper and potentianeter are definite elements with 
limited life. A wide variation exists among units and designs; however, for 
the purpose of this report, an estimate is made that potential trie units 
have a life of approximately 25,000 to 250,000 cycles. This estimate includes 
performance changes beyond specification limits resulting fran wear and wiper/ 
resistance elenent contamination. 


Since data are not available for a statistical analysis or a detail materials 
and process analysis, no conclusion can be made based on these findings. A 
statement can be made that the piezoelectric and strain gage units are designed 
with a nunimun of com p onents and complexity which would indicate that failure 
modes and wear are minimal. In general, all of the candidate units of this 
investigation are estimated to have good shelf life and operational life 
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TABLE 3. 4. 2-1 

SUMMARY TABLE FOR SELECTED TRANSDUCER 
FOR CRYOGENIC APPLICATION 


—I 

1 

V1«VAT.C*4* ?1 

P*AA 

SIKUSOICM. 

■ 

OPERATIONAL 
l IfE DtS iCMD 

ELECTRICAL 

POWER 

fiEQUIREWUTS 

TRANSDUCE* 

SIZE 

AND WEIGHT 


MEASUREMENT 

REDUNDANCY 

PROVISIONS 


»9 

ISCCq 

iow 

U* 

EXPECTED 

LOW 

SMALL 

UGH? 

4 

WIRES 

NO* 



100} 

10 NO 
Lift 

EXPECTED 

LOW 

EXCEEDS 
6 q L 

4 

WIRES 

m 


* 

50} 

USUALLY 

limited »y 

WtA«Of POTrt 
ISK fa 50 cvdttl 

LOWS? 

SMALL 

UOHt 

4 

WIRES 

NO It 



* 

LONG 

MU 

EXPECTED 

LOW 

EXaEDS 
* oz. 

4 

WIRES 

NOTE 



- 

ua 

EXPECTED 

IZOOHftSl#* 

LOW 

exceeds 
*0 ! 

4 

WIRES 

NOW 


»• 


LONG 

MR 

EXPECTED 

LOW 

txcaos 

tax. 

4 

WIRES 

NOW ’ 

i 


15000} 

LOW 

UR 

EXPECTED 

LOW 

SMALLEST 

LIGHTEST 

4 

WIRES 

NOW 

1 

m 


LONG 

IIR 

EXPECTED 

LOW 

EXCEEDS 

iOL 

■9 

■ 9 

“j 
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capabilities. Saturn S-II Program experience with strain gage pressure trans- 
ducers indicate tiiat tiie instruments are reliable with shelf life estimated 
at five to ten years or longer. 

Vibration capability of representative candidate instruments are listed 
below: 


Supplier/Part Nurber 

Frequency 

Displacement 

cr g's 

Errors 

Bourns 

5-25 

0.5 da 




25-2000 

16-35 g's Pk 


1.5% FR max 

MB Electronics 

0-2000 

30 g Pk 


0.025% FR/g 

Bell & Howell 

5-2000 

35 g Pk 


0.03% FR/g 

Kistler 

Limit not 
determined 

1500 g Pk 

.i 

0.005 PSX/g 

The values above for strain gage units 

are for ranges 

to 100 

psi . For the 


potenticmetric unit, the range is to 450 psi. From the data above it is 
clear that the piezoelectric instrument is exceptional with respect to vibra- 
tion capability. As indicated in the description of piezoelectric instru- 
ments, the outstanding vibration characteristics result from the essential 
lack of moving parts. Two representative strain gage instruments, a bonded 
foil gage unit and an unbonded strain gage instrument exhibit approximately 
similar capability. The potentiametxic unit is most susceptible. These 
results are in keeping with the inherent design characteristics of these 
instruments* Instruments with internal designs having mechanical linkages 
and deflection members are more sensitive to acceleration forces. 

Table 3. 4.2-1 sutmarizes seme of the more important performance features of 
selected transducers from each manufacturer which appears to have the best 
cryogenic performance capability and which ' are available in pressure ranges 
most likely required for a cryogenic application. 

3.4.3 Discussion of State-of-the-Art Versus Pquirements 

The requirements of this investigation were to locate instruments capable of 
cryogenic pressure measurements within an accuracy of two percent full range 
from terperature sensitivity error. In addition, tne transducer should have 
long-teun operational capability in a space environment and siiould be reliable 
after many reuses. Light weight, snail package size, simplified wiring 
requirements, law electrical power and simplified maintenance procedures 
are other desirable characteristics for future space vehicles. Measurement 
redundancy and redundancy management provisions are necessay considerations 
for future space missions. 

This investigation has found that currently available equipment cannot meet 
all of ttese requiranants . It is clear from the -investigation that no single 
transducer design is capable of iraking measursnents to an accuracy of two 


63 


SD72-5A-0156-1 




Space Division 

North American Rockwell 


percent full range under all of the conditions encountered in cryogenic 
usage. Furthermore, no designs either in the concept or in the development 
stages , except as noted in Paragraph 3.7 herein , were identified which have 
the potential of meeting the two percent goal. 

Performance capability of the transducers in this survey are evaluated pri- 
marily upon cryogenic temperature capability, since this is the single per- 
formance capability which current technology' cannot satisfy for potential 
future needs. Of the total number of units indicating cryogenic temperature 
capability, only four manufacturers 1 parts are rated as operable in the liquid 
hydrogen range. These units are: 

MB Electronics, Series 172 
Bell & Hcwell Type 4-361 and 4-356 
Kistler Models 601 and 603A, 6Q3H 
Genisco Models 103, 419, 513, 519 
and 923 

All other raflaining units are rated to -320 F with the Kistler Model 606 
rated f> -350 F. Not all the instruments listed as operable in the cryogenic 
temperature range are temperature ccrpensatod over the full range. This may 
be due more to a convenience factor that to a capability factor. Since cryo- 
genic transducers must be considered specialty items and instruments are 
usually purchased to easterner specifications even though the instruments are 
basically considered of f-the-sheif . Manufacturers indicate that temperature 
compensation can be provided for almost any operating temperature over the 
operable range. For comparison purposes, a tabulation is made for three 
typical instruments which are temperature compensated. The values are based 
on the assurption that instruments are calibrated at 77 F .and operated at 
-300 F. Also, that the transducer temperature is uniform and stabilized at 
tne temperatures indicated. 

Manufacturer Error (% FSO) 

MB Electronics 5.6 

Statham 7.5 

Kistler 3.8 

The values point out that under the conditions specified, the errors exceed 
the value established as a design goal for this investigation. In the case 
where the transducer is calibrated at -3CQ F and operated at this temperature 
under uniform and steady-state conditions, it is expected that the tonpara- 
ture error would be reduced to a value approximating roan tanperature values. 
Unfortunately, in real applications, this ideal condition of a steady-state 
and uniform temperature environment is a rare condition. Cnc of the few 
applications where this environment may exist is an installation where the 
transducer is located internally in a propellant tank. Under tanked condi- 
tions the transducer operates at the cryogen temperature . 

the largest nunber of cryogenic pressure measurements involves installing 
the transducer external to the tank or feeline Such that the transducer is 
exposed to the ambient temperature environments. For these applications. 


Strain Gage, Bended 
Strain Gage, Unbended 
Crystal 

Strain Gage, Bonded 
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temperature gradieits from the sensing end to the connector end exist as a 
function or many variables. Primarily the ambient temperature, c.e trans- 
ducer size and mass, and the insula cion provisions are important ii ;£ iuenc l ^ 
.factors. For purposes of this inmeiiare discussion, it is enough to kr.cw 
that Chernai gradients evict and tint these gradients contr ibute to tor pra- 
ture induced errors. Tne foilawind discussions provide the details on tine 
significance of tnese gradients . 

3.4. 3.1 Torpor a ture Gradient Effects 

In a paper by Mi. Iecn Horn the conclusion was mage based or* test results 

Cat therral gradients can cause variations in the zero shaft up to 1 a 0 per- 
cent FSO with transducer'** that indicated less than six percent shift ir. 
standard steady state temperature tests. Mr. Horn, working wit:: transducers 
whose typical zero shift was beuween 0.01 percent to 0.02 percent FSC, 7 for 
uniform temperature conditions, found that when instruments were testeq 
such that one surface of trie transducer v/as exposed to a ’net rrexliurr ana idle 
opposite and to a cooler environment, tne temperature compensation vus itself 
the cause of a zero shift large encugn to invalidate any tests being per formed, 
since the tanperature-ccrp€utjating network was not at tno same turperavjre as 
Che active elements of Che device. He concluded chat the total Zero shift can 
be considered to be made up of two parts; cne, the normal sic ft due to the 
temperature on the face of Che transducer and the other due to Cne gradient 
winch was found to account for almost five times the error in at least one 
test transducer. 

The test was conducted by Mr. Horn using an electric soldering iron as a heat 
source, and the heat was transferred to the transducer by thermal contact to 
an installation plate. A maximun front surface tanp^ature of 600 F was used 
wich a heat output of 3 cal/an 2 . 

'Hie test was designed on the basis that a temperature gradient was developed 
wichin the pressure transducer that is simi.Var to Che gradient expected under 
field conditions. Also- Che test was designed to measure the time - temperature 
constant of the test specimen transducers. Excerpts from Mr. Horn’s test 
report are provided below. 

Figure 3.4. 3.1-1 shows the results of temperature tests to determine Che zero 
shift in the calibration of one particular temper a ture-ccmpensa ted pressure 
transducer. Tne instrument was advertised as having an alienable zero shift 
of 0.02% FSO/F from -45 to C CO F. The instrunent was found to operate within 
the indicated limit for uniform steady-state temperatures. One finding of the 
proqram was the fact that the transducer response to gradients was not predict- 
able fran specification performance values. 

Figure 3, 4. 3. 1-2 sh*ows the zero shift of the same transducer as a function of 
time and temperature and thermal gradients as listed beiew; 
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Figure 3.4. 3.1-1. Pressure Gage Zero Shift (Gradients) 


Curve 

Transducer 

Max Temp 

Conditions of Test 

No. 

Code 

cn Face (F) 

Back Surface 

1 

A-3 

300 

Cool air on back 

2 

A-3 

375 

Exposed, no cooled 

3 

A-3 

380 

Cool air on back 

4 

A-3 

530 

Exposed, not cooled 

5 

A-3 

545 

Cool air on back 


the difference between Curves 2 and 4 is the result of increasing the initial 
temperature and the flux rate of the heater. The transducers w&rc allowed to 
approach the terrperature of the heater as rapidly as their design would permit. 
Curves 1, 3, and 5 differ in the fact that cooling air was blown across the 
back surface of the gage, thus causing a larger gradient to be established. 

A comparison between air-cooled and nomad gage installation at one input. 
Curves 1 and 2, and those at a higher input rate and tenperature, Carves 4 and 
5# indicated that: (a) the zero shaft fox a gradient is far more than that 
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indicated by the uniform steady-state temperature tests; (b) cooling the back 
increases the eventual zero shift, although for the same input, it requires a 
longer time for the mxiimrn to be reached. 



Figure 3.4. 3. 1-2 


[16] 


Pressure Gage Zero Calibration (Static) 


The rate of zero shift is related to the heat flux input and the amount of zero 
shift is related to the gradient established. ' 

A study of the results of a nunber of tests with different transducers indicated 
that the time to produce the maximum gradient for a normally installed pressure 
transducer was a constant of the design and material and was not altered by the 
heat flux rate for the temperature range studied and the materials encountered. 

Figure 3. 4. 3. 1-3 is an enlargement of the initial response of the particular 
smooth diaphragm pressure transducer enclosed in the dotted region in 
Figure 3.4. 3.1-2. The trace is shewn as dotted for the first second, since the 
resolution of the output is not sufficient to determine the precise value of 
the zero level within this period of time. The negative shift followed by a 
recovery was apparent in every run, although the time to reach a mirumim was 
not certain. The effect was similar to what is known as “oil -canning" and 
was followed by a relatively rapid recovery. For a period of almost five 
seconds, no valid data were obtained. The heat flux input seemed to 
alter the response in a repeatable manner; curves 4 and 5 and 2 and 3 are the 
results of similar heat flux input. 
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Figure 3. 4. 3.1-4 shows the results of maintaining a heat source on tne active 
surface of the transducer while a stream of cooling air was maintained across 
the back of tie same transducer. At the end of ten minutes the transducer was 
approaching a steady-state condition with a. zero shift of almost 47* of full 
scale. At the er.i of 30 minutes the zero shift had stabilized at 48 % of full 
scale and appeared to have reached a condition of equilibrium. The conditions 
for this test were the seme as for Curve 5, Figure 3.4.3. 1-2. 


Figure 3. 4. 3.1-5 is a typical output of one transducer; but in addition to the 
zero shift, the temperature values of ooth ends of the transducer are shown. 

For the particular unit tested, the back surface showed a change in its rate 
of temperature increase at about 51 seconds. This time was the same as long as 
one did not alter the general configuration of the test equipment. 


Changes in the rate of heat flux or the temperature of the «heatef did not change 
the time for this event within the range available (0.8 cal/cnr to 8 cal/an ) . 
Within measurement accuracy, all that increasing the energy input did was to 
increase the slope of the zero shift curve and to increase the gradient maxiimm. 
On this graph an arrow mark indicates the time of the zero shift maximm. 
Transducer A3 was used for this test with the front face exposed to 250 F and 
the back exposed but not cooled. 



TIME, SECONDS 


U* 

u 

ca 


< 

si 

hi 

cu 

3 

« 


Figure 3.4. 3.1-5. Tenperature Gradient Effect on Zero Shift 

Figure 3. 4. 3. 1-6 represents the data orbtained fran tests of three different 
transducers. A and B are unbonded strain gage pressure transducers by two 
different manufacturers. Both checked out as anticipated based on manufact- 
urer’s data for the uniform temperature test, but B continued to bold 
well within the sane limits when exposed to thermal gradients, while A 
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responded with a large zero shift. Curve C represents the response of a 
differential transformer pressure transducer. 

4 



Figure 3. 4. 3. 1-6. 


[16] 


Thermal Response 


Conditions of the Figure 3. 4. 3. 1-6 test are as listed below: 


Curve Transducer Max Temp. 

on Face (F) 


Conditions of Test 
Back Surface 


A 

A^3 

250 

B 

B-ll 

300 

C 

B-12 

212 


Exposed, not cooled 
fcxposed, not cooled 
Exposed, not cooled 


Figure 3. 4. 3.1-7 illustrates seme of the wide variations found in the reactions 
of flat diaphragm pressure transducers to thermal gradients . Ihe unit shown 
on Curve B ixxiicated normal operation in the standard furnace temperature 
tests both before and after a thermal gradient test was applied, but it 
became inoperative during a gradient test in less than 20 seconds. When 
exposed to a thermal gradient of more tnan 80 F, there was more than e. 100% * 

FS zero shift. 

The lower dotted curve is another pressure range of the same series from the 
same manufacturer with still another kind of response to a gradient. This 
gage did recover and after 40 seconds was within the zero shift limits for 
successful uniform temperature compensation. 

Conditions of the Figure 3. 4. 3.1-7 tests are listed below: 
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Curve 

A 

B 


Transducer 

B-13 

B-8 


Max . Tenp. 
on Face (F) 

200 

230 


Conditions of Test 
Back Surface 

Exposed, not cooled 
Exposed, not cooled 



B 

UNBONDED 
STRAIN GAGE 


DIFF TRANSFORMER 

UNBONDED 300 
A STRAIN GAGE _ 

’ 0-15 PSI/ 


l%/'00 F STATIC 
ZERO SHIFT 
TEMP COMP 
-65 +250 F 
230 *F ON FRONT 
SURFACE 


F FACE TEMP 


STATIC 
. LIMIT 


PSIA 
32- 212 *F 

200 F ON FRONT FACE 
1%/iOO F STATIC ZERO SHIFT 


20 30 40 50 

TIME, SECONDS 


60 70 


Figure 3.4. 3. 1-7 


r«3 


Thermal Response 


Based on the test results, the conclusions reached By Mr. Horn are: 

a. Flush-noun tad pressure gages may check as fully tempera ture-canpensated 
during standard temperature tests and still show zero shifts of up to 
100% FS for thermal gradients within the operating tenperature rcnge of 
the transducer. 

b. The reaction to thermal gradients for presumably similar presssure gages 
made by different manufacturers is so diverse that it masks differences 
that may exist due to types. 

c. Each transducer tested had a "time to maximum" zero shift. This "time" 
was a constant for a particular transducer design and material. It was 
not altered by changing the f lux rate. 

d. Although the rate of energy input and thermal flux density influence the 
magnitude ard the time it takes to reach a given gradient value, it is 
the temperature gradient that is responsible for the zero shift of the 
instrument. 
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e* For a steady-state gradient there is a fixed zero shift. 

f . Cooling the back surface of the transducer increases the thermal gradient 
and thus the zero shift. 

"Oil Canning," when it occurs, causes a self -reversing zero shift 
during the first few seconds after the application of a change in 
the surface tenperature. 


The tests conducted by Mr. Horn were all performed at elevated temperatures; 
however, the gradients established are expected to have similar results on 
transducers at the low temperature environments. The significant points 
established by Mr. Horn are that pressure transducer specification values 
under uniform temperature conditions provide no assurance -that the instru- 
ments will perform within these specification limits under transient tempera- 
ture conditions. Further, -be points out U;at transducers which normally 
operate with a temperature error of approximately six percent FSO over a 
given temperature span may exhibit errors many times this value in field 
applications where temperature gradients exist. 

3.4. 3.2 Simulated Field Condition Tests 

In another test program conducted by Messrs. Kinzie and Murphy cryogenic 
pressure transducers were tested under simulated field conditions.. The pro- 
gram involved laboratory evaluations of ccrctnercial cryogenic pressure trans- 
ducers for performance capability during sudden exposure to liquid nitrogen 
and liquid hydrogen temperatures. The purpose of the work was to evaluate 
the performance of transducers during exposure to cryogenic temperature 
transients and to develop methods for improving the performance of premising 
models. 

The test environment simulated by the authors includes two types of field 
conditions. The first called Overall Ambient Environment (GAE) test simu- 
lated a condition where the transducer was exposed suddenly fran a roan 
anbienfc temperature condition to a turbulept external atmosphere at a temp- 
erature near the boiling point of liquid nitrogen. This environment was 
created by plunging a cylinder with a transducer installed into the interior 
of an environmental chamber which had been initially stabilized near the boiling 
point of liquid nitrogen. The transducer could he made to sense a known 
reference pressure in this arranganent. 

The second test, known as the Pressurant Fluid (PF) test was designed to simulate 
an application where the transducer, installed in the wall of a large pipe or 
chamber and initially at room tempera cure, is exposed to a flowing cryogenic 
liquid. This condition was created by suddenly introducing a cryogenic liquid 
at the pressure port or diaphragm of the transducer. The test setup to simulate 
this condition was acoattplished by installing the tost transducer to the under 
side of a Qewar with the stream directed at the transducer. This arrangement 
could also be modified to test above atmospheric pressure. 
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Under the conditions of the Overall ambient Test (QAE) , 26 transducers were 
tested, which v**re supplied by eight manufacturers and represented 12 nxdel 
types,. The authors found a wide variation in transducer responses even between 
identical models. Three readily distinguishable signal responses have been 
identified as characteristic outputs for the instruments in q Mineral with one 
case where all three responses were evident in a single instrument. The 
observea apparent pressure outputs after exposure to the cryogenic environment 
are: 


A pronounced peak of apparent pressure occurring after a few seconds 
from the exposure and continuing for several minutes. 

A second characteristic transient response consisted of a peak apparent 
pressure which took many minutes to develop. A number of transducers 
displayed both the fast and the slow transient peaks. 

A third characteristic occasionally occurred which consisted of a long 
period of drift which continued throughout the test for the 20 to 45 
minutes . 


Pressurant Fluid tests were conducted on a total of 20 transducers of ten diff- 
erent node! types. In general, it was found that the larger, more massive 
units with restrictions to the inlet tube leading to the transducer cavity per- 
formed better during the FF tests than during the QAE tests. The flush dia- 
phragm units did not perform well during the PF tests, but Performed better 
during the QAE tests. Flush diaphracyn transducers and a few of the less pro- 
tected cavity units exhibited apparent fluctuations of several cycles per 
second. 

For Pressurant Fluid tests above atmospheric pressures, it was necessary to 
reduce the nunber of units tested; therefore, an effort was made to choose 
transducers most likely to perform well at higher pressures. A total of 
nine transducers were selected fran four manufacturers. The PF tests for these 
instruments were conducted over a period fran one to five minutes only. 

In every case, the magnitudes of the maximon apparent pressure are higher than 
the corresponding values for the atmospheric pressure test. It was speculated 
that even greater increases in apparent pressure would have been observed 
during test of the more massive units had it been possible to extend tne test 
period to sene 15 or 20 minutes duration as was done at atmospheric pressure, 
the apparent pressure fluctuations observed during the atmospheric PF test 
were more pronounced during the above atmospheric tests. 

Messrs. Kinzie's and Murphy’s interpretations of the test results arc provided 
below. In most cases, the words are presented verbatim to preserve the accur- 
acy of their conclusions. 

The authors found three important factors contributing to the transducer tran- 
sient performance. They point out that the interrelation of each of the three 
factors with each other could not always be determined and that in seme cases 
tdxi possibility existed that the transducer was responding tc ail three factors 
simultaneously. The factors identified are: (1) compensating resistor isola- 

tion, (2) diaphragm distortion, and (3) apparent pressure fluctuations. 
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In the first: case, the authors indicate that all of the transducers which 
were evaluated had at least sane of the bridge signal ccndi tioning resistors 
mounted in a manner which thermally separated titan from trie active strain 
gages; arid in some cases, the resistors were also isolated thermally, by 
differing degrees, fran the diaphragm and from each other. h*pon sudden case 
exposure to a cryogenic atmosphere, as in an GA£ test, these resistors cool 
much more rapidly than the active gages- When active canpensators are 
affected in this way, the accompanying resistance changes lead to zero shift 
and sensitivity cl ranges in the transducer characteristics, and give rise to the 
fast transient peak mentioned earlier. The fact that the degree of isolation 
of each compensator can vary may explain sane of the complex signal variations 
which were observed near the start of a nunher of tests. After a period of 
exposure time, the active gages also cool to sane degree. Depending upon the 
thermal characteristics of the transducer-simulated structure systan, an inter- 
mediate condition is readied where a slowly decreasing* temperature gradient 
exists fran the partly cooled stainless steel cylinder (installation fixture) , 
through the still colder transducer, to the cryogenic atmosphere. The transducer 
is still relatively warm due to the boundary layer temperature drop between the 
case and the atmosphere. Only partial temperature compensation can occur dur- 
ing this period, depending upon the magnitude of the internal temperature 
gradient. It is possible that in sane cases, the slow transient condition is 
associated with this gradient, depending upon the location and manner in which 
the compensators affect the transducer output. 

Finally, after many minutes, the entire system approaches tte temperature of 
the surrounding atmosphere. The internal tempera tore distribution of the 
transducer changes at an every decreasing rate, the internal temperature grad- 
ient becomes snail, and the steady state temperature canpensation error 
tends to predominate, provided that tie surrounding atmosphere remains at a 
constant tarpexature. 

In the case of diaphragm distortion effects, the authors found that the sudden 
exposure of a transducer to liquid nitrogen during a PF test produced something 
more than a simple reversal of the temperature distribution seen during an 
QAE test. The authors point out that the isolating of compensating resistors 
fran the active gages is not the sole error source. They point out that if 
compensator isolation were the sole error source, a reversal of ti*e polarity 
of the peak apparent pressure signal would be seen when the compensators were 
wanner than the active gages, rather than vice versa. With seme possible 
exceptions due to unusual construction , the compensators were colder than the 
active gages during the QAE tests, and warmer during the F F tests. As seen 
fran the tables, there are only three transducer models wruen shew a consistent 
polarity reversal in comparing the two tests. 

A major contributor to the observed PF test results, at least where polarity 
reversal did not occur, is believed to be the error caused by diaphragm behavior 
during thermal gradient conditions in the diaphragm and its supporting struct- 
ure. In such a situation, the diaphragm cools much faster than its supporting 
structure, giving rise to thermal stresses. A sanewhat similar but less pro- 
nounced condition can occur when the transducer case is cooled, which imposes 
thermal stresses on the diaphragm through the supporting structure. The authors 
conclude that the deflection pattern of the diaphragm, and consequently the 
zero balance and possibly the sensitivity of the strain gage bridge circuit, 
are affected by these conditions. 
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the apparent pressure fluctuation conditions observed fcv Kinzie and Murphy 
ore believed to be associated with temperature shock effects at the pressure 
diaphragm. This condition is distinguished frcm trie diaphragm distortion 
effects as described previously by the fact that it is thought to fce associ- 
ated with localized effects of cryogen turbulence over portions of trie dia- 
phragm surface rather than the relatively slowly cnangmg gradient conditions 
associated with tiiermai distortion of the entire diaphragm/, and supptrtirig 
structure. The authors point out that it is surprising that this same fluctuat- 
ing condition does not exhibit itself during conventional inner s ion tests 
wtere the transducer is plunged into a Dewar of cryogen diaphr igr'«-end-f irst . 

The zero shift error found fran the simple immersion test for one transducer 
is less than five percent FSG. In contrast, the PF test results indicated 
apparent pressure values of -129 to 15.2 percent FSO for the same unit and 
-5.51 percent FSO for another instrument which indicated only a one to two 
percent figure wnen immersed. 

It is evident that the response of flush diaphragm transducers depends upon 
the manner in which liquid nitrogen is directed toward the diapluaum. When 
an inversion test is conducted# the diaphragm surface is above the boundary' 
layer, which ir at first produced by a stable film’ boiling condition. After 
sufficient coolxy*, however, transition to nucleate boiling occurs. Finally, 
boiling ceases as the entire transducer reaches liquid nitrogen temperature. 

In contrast during the PF ‘test at atmospheric pressure, a stream of liquid 
nitrogen falls upon the diaphragm, at first giving rise to an intermittent 
and non-unifonn film boiling condition as the mixture of liquid and vapor 
impinges upon the diaphragn surface. Even when a relatively deep layer is 
established above the diaphragn, there must still be considerable turbulenace 
compared with the immersion condition. In any case, it is likely that a very 
non-uniform and continually changing temperature distribution exists in the 
diaphragm, resulting in both thermal stresses and unequal temperature environ- 
ments for strain gages. 

A sutmary of the findings are provided belcws 

The authors found that large massive transducers with inlet ports which 
had a diffuser protected cavity generally operated satisfactorily for at 
least the first few minutes after the initial transient temperature charge. 

Flush diaphragm transducers tested were all found to be unsuitable for 
pressure measurements under the simulated transient condition of flowing 
cryogenic fluids. The instruments tested were found to exhibit ten to 
fifty percent FSO or more error for periods of many minutes after sudden 
exposure to the cryogenic flow. 

It was found that the performance of a transducer could not be predicted 
under sudden cryogenic flow conditions based cn a performance under a 
sudden imnersion or dip test, which is carmonly performed as a test envix * 
oix.ent or during the calibration procedure. This finding was most 
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applicable to flush diaphragm units which are normally tested by plunging 
the transducer into the cryogen diaphragm first; but, it also was true for 
sane cavity- type transducers. 

Several conclusions were drawn by the authors from the findings. 

The performance of existing transducers could be improved by modification 
of the instruments with larger heat sink provisions. This improvement 
satisfies transients of a few minutes duration. 

In the case of new transducer designs, the authors felt that tlie rrcst 
important improvement could be made by placing the bridge tonperature 
compensation resistor in the same thermal environment as the strain gage 
elements. The authors have found that under current practices in the 
industry, all or most of these components are installed on a separate 
plate or terminal board. 

Existing flush diaphragm transducers can be adapted for cryogenic usage 
by the installation of a protective cap and inlet port diffuser assembly. 

New flush diaphragm transducer designs should incorporate provisions 
to minimize errors associated with flew additions. These design changes 
should be made to decrease diaphragm distortion effects and to decrease 
bridge sensitivity to diaphragm radial tarrperature gradients. 


As a reccrtnendation , the authors indicate that the use of heat sink protected 
cavity-type transducers be used for liquid hydrogen transient flow conditions. 
For applications requiring small transducer sizes, low heat capacity and high 
frequency response and good temperature compensation, Kinzie and Murphy 
recatmended that a new transducer be developed. 

3.4. 3.3 Lew Tanperature Performance Evaluations 

nsi 

Messrs. Dean and Flynn L J of the National Bureau of Standards evaluated 
selected pressure transducers which were specifically advertised as cryogenic 
pressure transducers. They found that all of tbs transducers tested had var- 
ious degrees of sensitivity and zero shifts as well as tanperatur e-*grad ient 
effects sufficiently large that the instruments would fail to meet specifi- 
cation limits being written by the Space Technology Industry at the time. 
Figure 3.4. 3.3-1 is presented to shew the performance results of a well-known 
cryogenic strain gage pressure transducer. The authors indicate that this 
transducer could not be installed directly on the fuel manifold of a liquid- 
hydrogel rocket/ engine if meaningful pressure information during oooldcwn 
and startup was desired. 

Based on the kncwledge that a problem existed in cryogenic pressure instru- 
mentation field, the authors oorducted an investigation with the objective cf 
obtaining a better appreciation of the instrument designers* problems and also 
to develop sane useful suggestions on the proper installation and application 
of transducers for cryogenic pressure measurements. 
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Figure 3. 4. 3-3-1'’ J Results of a 'Ihermai -Shock Test 
of an Unbended Strain-Gage 
Pressure Transducer Designed for 
Cryogenic Service 


Engineering analysis conducted by the authors for a typical pressure transducer 
configuration reveals from equations developed that the expansivity and 
Young's modulus temperature coefficients may be calculated frcm the slopes 
of the plots in Figures 3-4.3. 3-2 and 3-4. 3.3-3. They calculate that for 
transducer constructed from 410 stainless steel throughout the expansivity 
value is approximately 0.001%/F and the Young's modulus coefficient for 
the deflection members is 0.01%/F. Thus, the more significant Young’s nodulus 
factor contributes to a sensitivity shift of approximately -3% at liquid nitro- 



r , .400-200 0 200 400 

Figure 3.4. 3.3-2. ^ Calibration of a Borxied Strain-Gaue Pressure Trax^uuoer 
at Several Temperature Showing Zero Shifts 
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Figure 3.4. 3. 3-3. Young's Modulus of Several Metals 
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Figure 3.4. 3. 3-4. J Calibration of a Bonded Strain-Gage Pressure 

Transducer at Several Temperatures Shewing Zero Shifts 
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Zero shift, which is the parallel displacement of the ca libr ation curve, is 
described by the authors with an equation which establishes the zero shift as 
a function of expansivities and length of the ocmponents. An example for 
zero shift is shewn in Figure 3. 4. 3. 3-4 for a bonded strain gage Transducer . 

The authors point out that little can be cone to reduce the temperature depend- 
ency of Young's modiolus but proper design can reduce the effects of the expans- 
ivity of the components . Figure .3,4. 3.3-5 is a record of the temperature shock 
of a po ten tierretr ic type pressure transducer designed to minimize egians ivi.ty 
effects. Zero shift on dipping the transducer into liquid nitrogen is less 
than 1% FSO. The peaks of the plot were caused by vibration used to keep 
the wiper fran freezing to the potentiometer. 
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Figure 3.4.3. 3-5 L J . Zero Shift Caused by Thermal Shocking 
of a Helically Coiled Bourdcn-Tube-Actuated Potentianetric Pressure Transducer 


The authors indicate that, although the transducer performed well with respect 
to low zero shift, the instrument was sensitive to cross axis vibration and to 
Young* s modulus temperature dependence. The investigator concluded that until 
a design car be found that can reduce temperature effects, the best solution 
is to avoid extreme temperature environments . The procedure is that when the 
pressure instrumentation point is at an extreme temperature, a sense line is 
used to a remotely located transducer. This procedure provides acceptable 
data for frequency responses to approximately 10 Hz. The authors point out 
that in an actual installation, the velocity of sound is a function of the 
pressure and temperature of the measurement and whether it is a gas cr liquid. 
In the case where the state of the fluid is variable, rigorous calculations of 
the resonant frequency are not possible. Figure 3.4. 3. 3-6 shews resonant 
frequency values for air based on the length and various teipera tores . The 
figure provides sane indication of the usable frequency range for a transducer 
tube system. The usable frequency range is between one-tenth to one-third of 
the resonance frequency value, depending ai the systan damping. 
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3 *4. 3. 4 Lew Torperature Test Results 

Smalzer^> in another National Bureau of Standards investigation, verified 
that a wiae range cf calibration variations take place between transducers 
fran their initial roar, temperature calibration and re--ca iteration at liquiu 
nitrogen and liquid hydrogen tuarperatures * The calibration variation ranged 
from 2.7 percent of initial full-scale output for the instrument with the 
smallest deviation to a maximum of 16 percent for the instrurent with t lie great' 
est deviation. Transducer types tested include capacitance, potentianetr ic , 
uiuxndea strain gage and borvdou strain gage units. The test data were the 
result of a program to establish the suitability of ccmmercially available 
pressure transducers for operation at cryogenic ttsnperatvures , especially with 
liquid hydrogen. This investigation was initiated to ove icotne disadvantages 
of remotely installing the transducer from the sense point. Sane of these 
disadvantages are: reduced frequency response, thermal oscillations, heat leak 

through sense lines# ana potential fatigue failure of sense lines. 

The procedure adopted for the test program consisted of calibrating the test 
instrument at ambient, liquid nitrogen and liquid hydrogen temperatures, 
thermal cycling the instruments between 70 F and liquid nitrogen temperature 
not less than fifty times at a constant pressure, And recalibrating at the 
three torperatures. 
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The conclusions resulting- fran the test program indicated that the unbonded 
strain gage units performed best of the units tested. It was concluded that 
accuracy results comparable to roan temperature results oould be achieveu 
if the instrument was used over a narrow tsnperature span within the cryo- 
genic rasiae. In cases where large transient temperature excursions were 
imposed, the large transient errors made the use of any instrument question- 
able. 

Of the four types of transducers tested the capacitance design was extremely 
temperature sensitive which is what the author expected. The.bondeu strain 
gage unit exhibited large calibration changes after thermal cycling and its 
zero pressure output after return to room temperature was erratic. One of 
two potenticmetric units sliowed a mark. . hysteresis at lew temperatures and 
the other unit performed with good results except for sane non-linearity at 
low torperatures after thermal cycling. 

Three unbonded strain gage units were tested with one of the three exhibiting 
the smallest error of any of the units tested, i^one of the three units tested 
showed any marked non-linearity, although the units showed large transient 
errors with thermal gradients. The unbonded units were the most stable during 
thermal cycling with the most stable unit exhibiting a change of approximately 
one percent of their initial roan temperature full-scale output. Figures 
3.4. 3.4-1 through 3.4.3.4-12 show the test results described. The ratio 
Bq / Ei indicates output voltage (Iq) for two given input voltages (Ei) . 


3. 4.3.5 Piezoelectric Presure Transuucer Evaluations 

The investigation to this point leads to the identification of specific problems 
related to the accurate measurement of fluctuating pressures under transient 
cryogenic tenperature environments. The previous investigations were primarily 
directed to strain gage pressure transducers utilizing cxrnpensating resistors. 
Piezoelectric pressure transducers do not normally utilize tanperature canpensa- 
tion provisions other than in the selection of materials and in the physical 
design of case, diaphragm and other structural members. This design should not 
be as susceptible to the errors resulting fran temperature gradients as was 
found in the previous evaluations. 

ri9l 

In a Lewis Res^iarch Center investigation w , temperature sensitivity tests 
were performed on piezoelectric pressure transducers fran 2 OK to 477 K by 
Messrs. Lloyd W. Canfil and William C. iUeberding. The testing was performed 
with the setup shewn in Figure 3.4. 3.5-1. The test specimen transducers were 
installed on a manifold which was enclosed in a Dewar. Cryogenic tests vasre 
cotxhctad by filling the Dewar with the appropriate cryogen, either liquid 
hydrogen or liquid nitrogen. A step pressure of approximately 100 psi was 
applied to the transducer and to a reference strain gage transducer. Signal 
outputs were recorded at a time after the pressure step where equilibrium was 
reached but before the charge airplifier output had decayed appreciably. 

Figure 3.4. 3.5-2 provides the results of five transducers tested at various 
torperatures arxl ocnpared with the roan turp°rature calibration value. In 
addition, the results below were noted. 
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Figure S, 4.3.4-lliu BomJeu Strain Gage. Pressure Range 0-300 PSIG 
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Figure 3. 4. 3. 4-2®^ Bonded Strain Gage. Pressure Range 0-300 PSIG 
After Thermal Cycling 
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Figure 3, 4, 3, 4-3 M Potentiometer Type A. Pressure Range 0-100 PS1A 
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Figure 3.4. 3. 4-4 M Potentiometer Type A. Pressure Range 0-100 PSIA 
After Thermal Cycling 
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Figure 3. 4. 3* 4-5 63 Potentiometer Type B. Pressure Range 0-15 PSIA 
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Figure 3. 4. 3.4-6 DU Potentiometer Type 8. Pressure Range 0-15 PSI A 

After Thermal Cycling 
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Figure 3. 4, 3. 4-7 Unbonded Strain Gage Type A. Pressure Range 0-500 PSIA 
After Thermal Cycling 
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Figure 3. 4. 3. 4-9 
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Figure 3.4.3. 4-12. Unbonded Strain Gage Type C. Pressure Range 0-500 PSIA 
After Thermal Cycling 
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Schematic Drawing of Pneumatic System 
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Figure 3. 4. 3. 5-2Quartz Piezoelectric Pressure Transducer Sensitivity Change 
(Room Temperature Reference) as Function of Temperature for 
Five Transducers 
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®ie sensitivity at 2 OK was no more than four percent different fran that 
at roan temperature. 

The sensitivity at 477 K was i^o more than nine percent different fran 
that at roan temperature. 

The day-to-day repeatability of the data at 477 K was within t 0.5 per- 
cent PSO and within one- tenth of this at 20K. 

The change in roan temperature sensitivity caused by large temperature 
excursion cycles was negligible . 

The last finding is worthy of note for irany of the transient response 
measurements. The conclusion reached by Canfii and Uieberding is that piezo- 
electric transducers appear particularly good for lew- temperature applications. . 

It siiould be pointed out that the test procedure utilised for this investigation 
is equivalent to a uniform steady-state temperature environment. This test 
does not establish the gradient condition of the previous two studies. As 
was pointed out earlier, piezoelectric transducers should not be as sensitive 
to gradients as the temperature compensated strain gage instruments since no 
compensation components are used. The unknown factor is the strain effects 
on sensitivity due to uneven temperature distribution throughout the body of 
the instrument. The smallness of these transducers should help in alleviat- 
ing this problem by adequate insulation designs. It is quite possible the piezo- 
electric pressure' transducer is the most accurate instrument available on the 
market today for the measurement of cryogenic pressure fluctuations in a close- 
coupled application Operated in a transient tanperature environment . 

Piezoelectric transducers cannot be utilized in the application of most static 
pressure measurements ; however, it is capable of measuring higher frequencies 
with greater accuracy over a wider range of pressure levels than any other 
current designs. As the authors of the Lewis Research Center report point out, 
a typical piezoelectric transducer coupled with a charge amplifier is capable 
of measuring fran less than 0.1 Hertz to tens of kilohertz and over a range 
of full-scale pressures differing by a factor of 1000 with a constant accuracy. 

3.4.3. 6 Thermal Shock Tests 

Another instrument type not discussed in much detail to this toint is the 
potentiate trie type pressure transducer. This investigation has uncovered 
only a single source for this design available as an off-the-shelf item. 

It should be noted that the Bourns instrument identified in this study does 
not incorporate a tenperature canpensation resistor. This feature should 
eliminate the same gradient error source seen on temperature compensated strain 
gage designs. i4ormally, potentiate trie pressure transducers cannot be expected 
to perform exceptionally well under environmental extremes of vibration am 
terperature for the reasons explained earlier in the description of tiiese 
devices. 
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Figure 3.4. 3. 6-1 Thermal Shock Test of CEC 4-313 Pressure Transducer 
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Figure 3. 4. 3. 6-2 
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Figure 3. 4. 3. 6-3 Thermal Shock Test of Statham PA226TC Pressure Transducer 
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Figure 3.4.3. 6-5 Thermal Shock Test of Schaevitz P478 Pressure Transducer 
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In a test program conducted at the Cryogenic Engineering Laboratory of the 
National Bureau of Standards by Mr. J. W. Dean l^Qj^rocm temperature trans- 
ducers were plunged into a bath of liquid nitrogen. Transient and steady -state 
outputs of each transducer were recorded throughout the test with a reference 
atmosphere pressure applied. The results of this test were surprising in 
that the potent icmetric instrument performed with the smallest transient 
temperature error band when subjected to the severe temperature shock of this 
test. The results for each test specimen transducer are provided in 
Tables 3*4 . 3. 6-1 and 3.4. 36-2 , and F igures 3.4.3. 6-1 through 3. 4. 3. 6-6. 

It must be concluded that the same temperature gradient problems seen in 
previous tests were seen during this test to cause the strain gage units 
to exhibit large error values. The significant point made apparent by this 
test is that the potentiate trie transducer exhibited a maximum error of ten 
percent FSO. This result indicates that a potentiate trie transducer could be 
installed in a cryogenic transfer line without regard to temperature stabiliza- 
tion and still provide a measurement accurate to f 10 percent FSO.* Further 
accuracy inprovements might be expected with transducer calibration performed 
under conditions simulating the measurement environment. 

No correlation can be made for the potenticmetric unit tested in the NBS 
investigation with the Bourns unit of this evaluation since considerable diff- 
erences exist between manufacturers . Tliere does appear to be a correlation 
with the results of the N3S test unit with the potentiate trie unit tested by 
Kinzie and Murphy. In the Kinzie and Murphy test, the two transducers tested 
under QAE conditions exhibited a maximun of 7.5 and 12.3 percent FSO apparent 
pressure error. The values are close enough to the UBS test to offer sane 
indication of the error magnitude which can be expected. Static calibration 
tests under mi form steady state conditions indicate that the Bourns unit 
exhibits less than a four percent difference fran an ambient calibration run. 

3.5 CONCLUSIONS 

This investigation had the objective of locating a pressure transducer capable 
of a measurement accuracy of two percent full-scale output under any of .tine 
transient cryogenic temperature and pressure conditions which could be 
^countered in a space vehicle application. It was recognized at the onset of 
this study that this problem was more complex than merely conducting a search 
for a manufacturer's part advertised to meet the two percent accuracy require- 
ment. Researchers have uncovered many cases where the performance results 
indicate the oanplexity of making these measurements . The performance of 
transducers stows a wide variation between instruments and instrument types, 
but certain facts have been established by investigators which provide clues 
for design engineers on the proper selection and use of transducers for specific 
measurement conditions. 

A review of the research work discussed in this report reveals several import- 
ant facts or trends established fran test results, analysis and findings, 
tom's tests revealed the importance of thermal gradients as an error con- 
tributing source. Kinzie and Murphy verified the importance of the location of 
the temperature compensation resistors in strain gage transducers and they iden- 
tified tto error characteristics of transducers under specific temperature expos- 
ure conditions. Dean and Flynn's analysis established the potential error 
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magnitude due to expansivity and Young's modulus temperature coefficients. 

The Princeton study pointed out the importance of the flush diaphragm transducer 
for making high frequency response measuronencs accurately. The UBS study by 
Smelser identified trie merits of the strain gage pressure transducers for cryo- 
genic measur orients and the Lewis Research Report pointed out the special per- 
formance capability of the piezoelectric transducer. Dean established the limi- 
tation of a do ten ticrr.e trie transducer for cryogenic service. The results of 
these investigations identify techniques, designs and applications which lead 
to the best utilization of existing instrumentation or identify design feat- 
ures found to be advantageous for a new design transducer. 

The principle error sources found by the investigators are the tanperature grad- 
ient across the body of the transducer, the change of Young's Modulus coeffic- 
ient and the necessity of a flush diaphragm for high response measurements. 
Terrperature gradient effects can be minimized by relocating the compensation 
resistors in the same thermal environment as the strain gages and by selecting 
materials and designs which minimize thermal gradients and thermal gradient 
effects. Insulation of the transducer further reduce^ external environmental 
effects and tends to stabilize transducer body temperatures to a uniform value. 
Provision for Young's Modulus coefficient change can be nunimized by calibra- 
tion procedures suitable to the using condition and by bridge circuit oempensa- 
tion techniques . Practically all manufacturers calibrate theur instruments 
under a uniform steady-state temperature condition. Tliis fact is not surpris- 
ing, since the cryogenic application provides an inf inite number of possible 
environments and a closed Slewing cryogenic systan is iiazardous as well as 
expulsive to operate. The problon resulting from this calibration procedure 
is that in field applications a uniform steady state environment rarely exists. 
The cannon application is one where a temperature gradient occurs across the 
body of the transducer with the front face being much colder than the aft 
face. 

Researchers provide substantial evidence that temperature gradients result in 
the single most important error source for transducers, especially on instru- 
ments which incorporate temperature oempensation resistors as most strain gage 
pressure transducers do. An important first step in obtaining transducers 
capable of accurate measurements under transient temperature and pressure 
environments is to reduce the gradient environment or to utilize the gradient 
in the calibration procedure. In the first case, insulatiixg the transducer to 
minimize external environmental inf luences is one approach. This procedure 
would be most effective in applications where the transducer is at or near the 
cryogenic tanperature, and pressure fluctuations do not result in tanperature 
variations much beyond the cryogenic range. Such a measurement would be like 
0266-206 (I/DX sunp pressure) (See Figure 3.2-3) . The tank liquid provides a 
near infinite cold source and if the transducer is close-coupled to the sense 
port and carefully insulated frem the external environment, it should operate 
within a narrow temperature band near the cryogen tanperature. If the trans- 
ducer for this application is calibrated at the cryogen tanperature either 
with the transducer at a uniform and steady-state terrp^ature or under a con- 
dition simulating the actual installation environment, little temperature 
sensitivity error should result. The degree of accuracy required would dic- 
tate the degree of precision in duplicating the actual using condition. 
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Unfortunately, most measurements present a more difficult environment than the 
IOX sump measurement. In almost ever/ case, the object of attempting to main- 
tain a uni font and steady state temperature of the transducer can better oe 
achieved by carefully insulating the transducer to reduce the influence of 
the external environment. Each application, hcvwever, must be evaluated 
individually. The decision to insulate or net to insulate and even tu*2 
decree of insulation must be cased on the design goal of attempting to mini- 
mize temperature gradients across the body of the transducer. 

A second approach is to calibrate instruments urder the same temperature con- 
ditions as the using environments . The degree of simulating the actual temp- 
erature environment depends greatly upon the transient condition and the range 
of temperature winch occurs. If there are rapid and wide tenperature and press- 
ure fluctuations, little can be done to simulate this environment during the 
calibration procedure. If the actual using environment remains relatively con- 
stant or an occasional transient occurs, this condition can be simulated in 
the calibration procedure. In any case, almost any attempt to duplicate a 
using environment during the transducer calibration should lead to more accur- 
ate results than the procedures used currently of calibrating instrurrvents under 
a uniform steady-state temperature envirerrnent. 

In an application where temperature fluctuations occur as a short-duration 
transient, such as in a feedline where a valve is suddenly opened to admit the 
cryogen, the use of a transducer with the inlet port which has a diffuser 
protected cavity performed better than other designs during the initial sev- 
eral minutes after exposure to the cryogen. In the Kinzie and Murphy test 
program, three transducers provided by one supplier performed better than any 
other instruments tested. The authors found after disassembly of the three 
test specimen transducers that the units were constructed ‘to isolate the 
interior of the transducer as thoroughly as possible from transient temperature 
conditions in both the pressurant fluid and the overall environment exposure 
conditions. The transducer with heavy wail construction of the case provides 
a relatively large thermal mass and tends to smooth out tenperature varia- 
tions which would otherwise affect the electrical system. Another design 
feature of this transducer was that the strain gages were installed on the 
deflection beam instead of directly on the uiaphra<?n which provided additional 
protection against diaphragm tenperature variations. The diaphragm was also 
protected by a tube-ana-cavity design with a large porous diffuser in the 
cavity inlet tube. 

The use of this type of transducer seems to hold premise for measurements where 
an infrequent pressure-temperature transient occurs over a short duration of 
no rrcre than several minutes. There are, however, several potential problems 
to consider. 

The transducer performed well with respect to the apparent pressure test because 
of the thermal mass associated with the heavy wall construction which tended to 
smooth out the tenperature variation which could affect the electrical system 
This very fact may be an error source for the measurement . Assuming a condi- 
tion where the transducer walls act as a heat source, it follows that the boil- 
ing of the cryogen taices place when a sudden surge of pressure occurs by intro- 
ducing the cryogen into the transducer diffuser and cavity area. If the actual 
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response of the transducer With respect to phase and amplitude were monitored 
closely during the transient period, it would most likely be found that there 
is considerable distortion in the measurerrent with respect to the reference 
source. The evaluation of transducers for these performance parameters can 
only he accomplished by a dynamic response test. 

At the Guggenheim Laboratories for Aerospace Propulsion Science at the Princeton 
University^l^J a survey was conducted to establish the need fer transient 
pressure measurements in present and future liquid propellant rocket systems , 
and research was performed tnat would foster the development cr advanced trans- 
ducers for making such measur extents. Quotations taken fra« the report are 
presented in the following text to emphasize the fact that any connecting fcub^ 
irvg or other voids or chambers between the sensing element, of the transducer 
and the maasurand will degrade the measurements results to sar.e extent. 

"The fundamentals of vibratory motion of an elastic system, such 
as a transducer, and of an acoustic system, such as any connecting 
fluid-filled passage, must be kept clearly in mind to ’understand 
the dynamic response of transient pressure measurement systems. 

When pressure variations have a relatively slew rate of change, 
almost any system will display an output that follows the change in 
pressure very closely. As the rate increases, even specially 
designed systems will respond dynamically and will no longer repre- 
sent the higher frequency inputs with fidelity in either amplitude 
or phase / 1 * 

M Tb obtain the utmost fidelity in the measurement of transient 
pressures, the sensitive element of the transducer, usually a 
diaphragm, must be mounted flush with the wall of the chamber in 
' which the pressure transients are occurring." 

Thus the evidence provided by researchers establishes the fact that for high 
response pressure changes only the flush diaphragm transducer configuration 
should be considered where maximum accuracy is required. The transducer types 
which lend themselves to high frequency measurements are the strain gage ard 
quartz crystal transducers. Of those tvr> the piezoelectric transducers are 
limited to dynamic response measurements only; therefore, whure a single 
transducer is required for the measurement of both static ana dynamic responses, 
the strain gage transducer is the only good ccmprcruse available. 

Perhaps the most signif icant point made apparent by the investigations of 
researchers was that the temperature compensation resistors were the largest 
contributor to temperature sensitivity error when they were not located 
in the same thermal environment as tiie strain gages. The survey of 
manufacturers' parts revealed that all of the suppliers of this investigation 
located these carpensating resistors near the connector end of tla? transducer. 
Several good reasons are apparent for this procedure; however, the transducer 
becar&s highly susceptible to thermal gradients. A significant step toward 
correcting tenperature sensitivity errors would be to locate the compensation 
resistors in the same thermal environment as the strain gages. All of the 
researchers who have identified this problem appear unanimous on their 
reconmendaticns for this change. 
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Further evidence from research work provides information that the greatest 
error in pressure measuranents occurs during the initial perioa immediately 
foilwing the exposure of the transducer to the cryogenic media such as ray 
occur after a pressure surge in, the system. This fact points out the f inuings 
that the uneven temperature distribution within the diaphragm, the case and 
the conpensation resistors are the major source for the transducer error. 

This fact verif ies the conclusion that a transducer capable of reaching a uni- 
form temperature rapidly will reach a stabilized output rapidly. 

An ideal transducer design is one which has an infinitely snail mass which has 
the capability of following terperature fluctuations nearly instantaneously. 

Such a design, of course, is impossible to create and the designer can only 
approach this design goal with a transducer which has a nuuiimun thermal nass 
and snail size. 

In addition to the thermal mass of the transducer, heat transfer? properties 
and the coefficient of expansion of transducer materials play an important influ- 
ence in roininuzing thermal stresses of transducer components. Good design prac- 
tices for transducers utilized in tanperature extremes, provide for the optimum 
heat transfer and equal expansion coefficients for critical sensor componants. 

These design characteristics are achieved by providing heat transfer paths in 
keeping with a desired result such as providing uniform heat paths for uniform tempera- 
ture distribution or adjusting the cross-sectional area for a non-uniform 
distribution. Surface areas of the components provide another area for con- 
sideration. Component expansion and contraction compatibility problems are 
usually resolved by the selection of common or similar materials for the critical 
sensor components. The Kinzie and Murphy investigation points out the error 
resulting from diaphragm distortion effects and thus provides a case for 
concluding the advantage for relatively thick diaphragms or even diaphragms 
machined integral with the case. The thick diaphragm design is, of course, 
contrary td a low thermal mass design and this would be an area where a design 
tradeoff would be made based on test results. 

Another highly desirable design goal which aids the thermal gradient problem 
is to reduce the length of the transducer, since thermal gradients result 
from temperature differentials and the temperature differential is a function 
of the distance frem the cold source to the point of interest. 

3.6 RKXWEClATia^S 

For a transducer capble of meeting the temperature sensitivity goal of this 
investigation and which is small and capable of both steady -state and high 
frequency response measuranents, the recarmendation is made that a new trans- 
ducer be developed. The new transducer design should incorporate all of the 
desirable design characteristics found by researchers . These cure: 

a. Flush diaphraejn design with diaphragm macxiined integral with the case. 

b. Snail case size with short body length and low thermal mass. 

c. Strain gage design with gages mechanically coupled to the diaphragm in an 
unbonded cot figuration 
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Figure 3.6-1 Pictorial Representation of Pressure Transducer Incorporating 
Known Desirable Features for Cryogenic Applications 
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d. Temperature compensation circuitry located in the same thermal environment 
as the strain gages, 

e. Transducer installation provisions which facilitate insulation provisions 
and minimize thermal gradients. 

Figure 3.0-1 represents a configuration which incorporates these desirable 
character is tics . 

For measurements requiring the best possible accuracy obtainable under the curr- 
ent state-of-the-art for both dynamic an4 steady -state responses, the use of two 
transducers is reccrtnended as the solution. With this design approach , a 
close-coupled transducer installed on the pressure port would measure the 
dynamic responses and a remote tranducer installed at the end ol a sense line 
measures the static pressure levels. The advantage for ti ; design approach 
is that the remote transducer can be protected from temperature transients; 
thus it is less susceptible to large-scale errors. Secondly , for this type 
of installation the piezoelectric transducer design lends itself especially 
well for monitoring the dynamic responses. Since the piezoelectric device dees 
not respond to static pressure levels, it is not susceptible to zero shift 
errors. For high frequency pressure nvsasurei rents , the crystal pressure trans- 
ducer offers more desirable features than any other design available today. 

Table 3.6-1 summarizes recarrnerdations for transducer types ana application pro- 
visions for four generalized measurorvents . The recarmemations are based on 
currently available equipment. The expected accuracies specified are estimates. 

3.7 Survey of New Designs in Work 

The results of the iixpoxry submitted to manufacturers reveals that virtually no 
research and development activity is being conducted for the development of new 
designs specifically for cryogenic space service. The investigation has uncov- 
ered at least two cases where liASA-sponsored programs have aenerated activity in 
the past. The first reference source, [22] 'describes the activity over a period 
April 1965 through October 1967 for a program entitioa "^tuay and Investigation, 
Design, Development and Fabrication of a Cryogenic Pressure T? aiisducer . “ The 
secoiiu reference source [23] is a recent proposal for a f..>ngo-mounted absolute 
pressure transducer designed for operation at cryogenic tunp^atures. No attempt 
will be made to describe "either effort, since ti^e work was accomplished under 
:<ASA sponsorship. 

With respect to currently available designs, the thin film deposited strain 
gage design employed by Statham Instruments, Inc. represents a relatively new 
approach with cryogenic capability. Statham has developed a low- tempera tore 
coeff icient deposited gage in addition to maintaining very closely matched 
gages. Statham reveals that data t^ken to date have ix&n very premising, and 
it appears that a - 2 percent error band to -453 F is within close reach. In 
addition, transd 5 icers are being developed with ciual fcru*ct*s for redund^incy . 

The thin film process lends itself well to the dual bridge uosign since both 
bridges are simultaneously deposited on a carmen substrate. 
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4.0 HIGH PRESSURE: FLANGE SEAL INVESTIGATION 

Ccr.sideraticn of a high pressure (5000 psi) transducer for cryogenic appli- 
cations whose desiqr. concept utilized flanged mountina precipitated this 
investigation. The flange mounting allows for a low profile envelope thus 
minimizing tenperature aradients and facilities insulation of the mounting 
surface. The flange mounting also minimizes toraue sensitivity of the 
transducer mechanism during installation. Adequate sealing of the trans- 
ducer beoccnes an important consideration. This investiaation primarily 
addresses itself to the search for a metallic seal to attain optimum sealing 
for the tesrperature and pressure application. The size range of such a seal 
is restricted to seals of 2 inch outside diameter rrvaximum. 

4.1 APPLICATION OF HIGH PPESSUHE FLANGE SEALS 

Usually, flanged connections are loaded by internal pressure that tends to 
separate the two interfaces. Bolts are pre loaded tg counteract the separating 
load and minimize, if not eliminate, separation of the two flanges. The 
flanges must be sufficiently rigid to carry the separating load with a minimum 
of de forma ticn. 

The seal must provide the required contact intimacy and must also be structur- 
ally capable, either by itself or with the flanges, of maintaining contact 
under all operation conditions. 

4.1.1 Series vs Parallel Loading 

In the series-loaded connector (Figure 4, 1.1-1) fastener load is carried 
entirely through the sealing element, usually a flat aasket. The flanges do 
not contact each other. Thus, sealing stress depends on initial bolt torque, 
external loads, and fluid pressure. 

A parallel-loaded joint transmits the majority of the bolt load directly 
through the flange faces? only a small percentaoe of the load is absorbed by 
the seal. The required sealing contact -stress is obtained by seal deflection, 
independent of bolt torque and pressure (discounting any pressure enerqizina 
effect) , and remains constant as lcng as the flanges are in contact. 

4.1.2 Metal to Metal Sealing 

thder magnification, irregularities in the smoothest surfaces look like 
maintains and valleys to a gas molecule. Even when two "flat and smooth" 
surfaces are in contact with each other, only a small percentage of the 
surfaces are in intimate contact. Contact can be increased by increasina the 
load normal to the surfaces, but unless the surfaces are extremely smooth, a 
large nurber of leak paths exist. 

A more practical approach is to fill the microscopic valleys in the faying 
surfaces rather than try to flatten the peaks. Most metal seal designs 
incorporate a soft, deformable coating on the sealina surface. Performance 
depends ipon the degree of contact between the soft seal surface and the hard 
flange surface. 
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SERIES PARALLEL 


[24] 

FIGURE4.11-1 SERIES AND PARALLEL-LOADED JOINTS, THE JOINT LOAD IS 
TRANSMITTED THROUGH THE GASKET IN THE SERIES-LOADED 
JOINT; IN THE PARALLa JOINT, MOST OF THE LOAD IS CAR- 
RIED THROUGH THE FLANGE 
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4.2 VARIABLES AFFECTING SEAL QUALITY 

The leakage race for a seal depends cn fluid properties, sea liner surface 
tocoqrarhy, pressure differential, hardness of the sealma material, and 
sealing contact- stress. The nature of the media to to sealed is dictated 
by the af.p 11 cation; the variables are the specific seal to be used and the 
flange surface finish. 

4.2.1 Surface Topography 

Five parameters completely describe a fiance sealinc surface. They are 
roughness, flatness, wav ir.es s , lay, and di s ccr.t inui tics. Vhereas all 
influence sealing performance, roughness, lay, ar.d .di seen tunui ties are the 
most important. 

Roughness is the microscopic peak and valley deviation from an average. A 
smoother finish improves performance, but increases the cost. A 32 micro- 
inch (M in.) finish is considered the most practical cartpramise. 

Lay, vhich is the direction of tool marks, may be undirecticnal, multi- 
directional, radial, or circumferential, depending on the manufacturing 
method. Turning is the most practical method of meohininq a fiance surface 
and usually results in a circular lay which is also ideal from a sealing 
standpoint. If a surface cannot be machined with a circular lay, it must 
be made smoother to obtain the same performance. For example , a 32M in. 
circular lay is sore times considered the equivalent of an in. multi- 
lateral finish-. The strong effect of lay ipon sealina is illustrated in 
Table 4. 2. 1-1. 

Discontinuities on a sealing surface will increase susoertibi 1 : ty to leakage. 
Nicks, scratches, or severe dips should be explicitly disallowed cn the 
engineering drawing. 

The seating load and the contact area determines the contact stress. Defor- 
mation of the coating is determined by' the yield strength of the coating 
material. 

4.3 DESIGN CCNSIDERATIOS 

The most important design considerations are pressure, tenperature, and type 
of fluid sealed. These parameters determine the bolting tercue, flange 
thickness, and materials. Sinoe the bolts must lie outside the wall of the 
duct or pressure vessel, there is -usually enough room left over inside the 
bolt circle for a resilient metal seal. Other factors which may influence 
the overall f lange seal design are ; 

a. Ease of assembly and disassembly. 

b. Cost of initial fabrication or subsequent repair. 

c. Provision for checking leaks fran the assembled joint. 
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Table 4,2.1- i* J Effect of Surface Finish on leakage 
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d. Interchangeability of several types of seals in the event that the 
first choice is unsatisfactory. 

e. Weight 

f. Allowable leakage: An obvious , but often ignored, consideration, allow- 

able leakage frequently dictates the type of seal coatmq and surface 
finish required on the flanges. 

g. Stands *mzati.pn: If the connectors and seals are standardized for a 

system, joint design is reduced to sinply sizing the flanges and colt- 
ing. Many systems, however, involve a wide range of envi ronmental con- 
ditions and no seal design can be optimum for all applications. 

4.3.1 Factors Affecting Performance. 

Ultimately, all that matters is whether or not the seal prevents leakage. 

Sealing must be acoorrplishod with a minimum aonp remise, to the overall design . 
thus, other performance parameters must be considered. 

leakage is the criterion most difficult to predict without tests. Many metal 
seals are capable of achieving leakage rates beicw measurable levels; how- 
ever, the penalty in flange loading, extremely smooth finishes or loss of 
reoovery, may be prohibitive. For extremely low leakage rates (less than 
10~ 8 scc/sec) , an all-metal seal is usually required. 

Seating load is an important parameter in flanged connections. The lower it 
is, the smaller the required flanges and bolting. Also, as seating load is 
reduaed, recovery is increased. Seating load is normally impressed in pounds 
per inch (lb/in.) of seal circumference and may range from 100 to 500 lh/in. , 
depending on the design. 

Recovery of a seal is the elastic springback from a fully deflected position. 

It is usually less than the total carpressicn of the seal and more than the 
initial elastic deflection. At least partial plastic deformation is beneficial 
since the stresses and strains are primarily flexural and, combined with work 
hardening, result in greater elastic springback than initial elastic deflection. 
Recovery values of 0.003 to 0.010 inch are typical. 

Contact stress at the sealing interface partially determines leakage rate 
and is a f motion of seating load and contact area. The pressure differential 
across the interface, if high enough, may add or subtract significantly from 
the initial contact stress. Values of 10,000 to 30,000 psi are carmen. 

Pressure carpensation, sane times called pressure energization, pressure 
actuation, or pressure assistance, is the beneficial effect of pressure upon 
the seal contact. The geometry of many seals is such that fluid pressure 
augments the contact stress , thus tending to overcare the increased chance 
of leakage due to the pressure. But such seals are not actuated by pressure - 
they will not seal better at high pressure than at low pressure. This is be- 
cause the pressure effect is negligible except at high pressures - 1000 psi 
or more. A seal that leaks at 10 psi may be expected to leak as a function 
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of pressure ip to a maxirmm, then level off and begin to decrease as the 
pressure effect be canes significant. Depending on the particular geometry, 
the increase in contact stress due to pressure will range from one- ha if to 
three times the pressure difference. 

Cavity requirements of the seal in the three basic types of installations are 
shewn in Figure 4. 3.1-1. The installation must provide for correct deflection 
of the seal, location of the seal, structural support for high pressure, and 
proper surface finish. 

To seme degree, all these variables depend cn the specific seal design 
selected, but a few generalizations are possible: 

a. Where a choice exists, specify the laraest available seal cross section. 
Seal cross sections of 1/32 in. should be avoided unless necessary. 

b. For low-volume projects, experimental hardware, and frequently dis- 
assembled joints, a spacer installation is often most practical. Seal- 
ing surfaces are easily prepared and maintained, and different seal 
designs are adaptable by using a different spacer. 

c. In general, the following surface finishes should be specified: 

1. 8 to 16M in. rms circular lay for vacuum and light gases (He, H 2 ) . 

2. 16 to 32M in. rms circular lay for bubble-tight pneumatic 
exhaust-gas service. 

3. 32 to 63M in. rms circular lay for liquids and non-critical 
exhaust-gas service. 

d. A groove installation will usually provide maximum performance as it 
offers: 

1. A barrier to protect the seal from temperature and fluids. 

2. Maximum outboard location (minimizing interface separation of 
a seal) . 

3. Maximum damage protection of seaiina surfaoe. 

4.3.2 Materials 

The choice of seal materials is usually determined by the eperatino temper- 
ature, although corrosion resistance, fluid corpatibility, and radiation 
effects are also major considerations. Most metal seals contain two 
materials, a resilient, basic-shape metal, and a soft coating. 

4 . 3 • 2 . 1 Base Material 

Seals are highly stressed and must be carefully selected to avoid such 
prcblera as stress corrosion cracking, fatigue cracking, lew or high- 
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temperature brittleness , and phase changes . Particular care should be 
taken -when selecting material for a machined metal seal where these problems 
are increased due to the reduct' on of properties in the short transverse 
direction and potential stress risers due to machining discontinuities . 

Ccrnrncn base materials fall into one of three basic categories: 

a. Harder able nickel-base (Inconel 718, .Inconel X-750, Rene- 41) . 

b. Precipitation hardeninq ores steel (17-4 PH, 17-7 PH, A286) . 

c. Austenitic cres steel (302, 304, 321) , Ocrnrcnly used for formed metal 
seals where work hardening is employed. 


High tenperature limits of the carmen base materials are not well defined 
(See Table 4. 3,2. 1*1), This is partly due to the, fact that a resilient 
metal seal installed in a parallel-load connector is subject to constant 
strain, rather chan constant stress, and is thus subject to stress relaxation 
rather than creep due to high terperature. As a function ot time, then, the 
contact stress may be slowly reduced. 

As previously mentioned, the initiating contact stress is much higher than the 
required maintaining contact stress. A large reduction in contact stress due 
to relaxation in the seal is acceptable. In addition, tiie temperature level 
required to cause relaxation in the base material is usually well above the 
annealing temperature of the plating material. Its yield strength is re- 
duced, increasing the intimacy of contact and improving the seal. 


4. 3. 2. 2 Coating Materials 

The coating material is usually a pure metal (silver, geld, nickel, or copper) 
or a plastic dispersion coating such as TFE. Coatino materials are chosen 
on the basis of softness, corrosion resistance, teitperatu re resistance, and 
cost. 

The upper tenperature limits of platings are even less well established as 
that of the base metals, with recannendations ranaina from 7 use under their 
annealing tenperature to within ICO F of their melting temperatures, a 
variation of 1,00.0 F or more (See Table 4. 3.2. 1-1) . 

thlike the base material, the coating is subject to creep at high teirperatures . 
Unless the coating is very thin (about 0.001 to 0.-002 inch) it oouid con- 
ceivably be pushed out at high tarperatures and pressures. 

4. 3.3 load Analysis 

The seal cross section can be treated as a simple cantilever beam with an 
end load. Assuming substantial plastic deflection, the load-carrying capacity 
of the seal can be approximated by 
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where: P * unit sealing load, .lb per in, circumference; P. = radius of se 3 l 

.ring.# in*; W « moment arm, in. ; S = ultimate strength of material, psi; and 
T = thickness at critical section, in. 

For seals a re a ter than IS in. CD, the ?y (P-- W) term approaches unity and 
can be dropped, Thie equation is not ccrpl rented and many simplifying 
assumptions are made; hoover, it is ’useful both for designing seals and 
evaluating designs, 

4.4 TYPES 

Resilient metal seals, originally ce^loped for the aerospace industry, are 
new finding their way into demanding, commercial applications. These seals 
are most often used ;n extreme terpe ratures , or when rndnimum weight is re- 
quired. 

Pesilient metal seals are capable of reducing leakaae rates below measurable 
levels,* "zero leakage" fur all practical purposes. Under similar conditions, 
leakage past most other static seals is several orders of magnitude greater. 

Ihlike flat metal gaskets which have been teste, documented, standardized, and 
reduced to relatively simple design procedures, experience with resilient 
metal seals has been gained by "cut- and- try" usage and desiern is far ahead of 
analytical techniques. The fundamental sealing phenomenon has only been 
studied in depth in the last few years. 

Pesilient metal seals combine the efficiency of elastomeric 0-rings with the 
extended temperature capability of metal gaskets. The basic structural 
element is usually a high-strenerth metal, and a soft ooati na of metal or 
pia^ic provides the actual sealing. Like 0-rings, these seals are self- 
energizing, have snail cross sections, require light closing forces, are often 
reusable, and have indefinite life. Carmen cross sections are shown in 
Figure 4.4-1. 

frtetal seals are seme times used to replace 0-rings to ' extend the temperature 
capability of a system or device. 

4.4.1 Resilient Metal Seals 

Most resilient metal seals incorporate the following characteristics: 

a. Low flange loading 

b. High contact: stress 

e. Moderate to high springback 

d. Soft crating 

e. Pressure compensation 
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1 TYPICAL RES III ENT METAL SEAL CROSS SECTIONS 
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Note: Sources of metal flange seals are not necessarily 1 mi ted to the above list. 
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A soft spring (lew flange loading) with relatively hiah tearing stresses is 
achieved by ninijnizing contact width. Seals must* take up as little spaorr as 
possible in order tc optimize overall connector design. . v> otai eels incor- 
porating ail of the above features are available tor aroe/es as snail as 0.0 iG 
met. deep by 0.050 inch wide. 

4.5 oa;cLis:a;s /cx ?rc^^tEOD;cia:s 

This investigation has produced seme basic conclusions regard m;; utilization 
of flange seals for lJ.cn pressure cr/ocrenic applications, it? : ■ unt nv?tal 
seals can be considered as the meet promising for achieving se.ii intent y 
for these environments. A. parallel leaded -joint (Figure 4.1.;*;' wit;: groove 
type seal installation (Figure 4. 3.1-1) should provide the cot: rum joint con- 
figuration. 'Hie seal cross section and flange-oa-’icy dimensions cure net 
standardized and there are no performance or testing sta ncuurtis? cy which they 
can be ccnpared or evaluated. Hcvever, seals can be Evaluated oy several 
methods: 

a. Select a proven seal based on prior knowledge of performance in a 
similar environment , cr on the technical advice of a reputable seal 
manufacturer. With knowledge of er.vircnnental conditions, performance 
requirements, and a basic understanding or .flanged connect or mechanics, 
this approach is quick and least expensive. Table 4.5-1 provides a 
list of* sources for selection of a seal cor.fi quiation. 

b. Test one or more seal designs. When confidence in a seal's per- 
formance is not high, a test program is probably warranted to in- 
crease confidence in the performance of the seal. 

c. Design a new seal where a unique application or the lack of an 
adequate available design may call for a unique new seal design. 

teccnrendations for a flange seal configuration for the application con- 
sidered in this investigation are: 

a. Parallel- loaded joint. 

b. Groove type gland design. 

c. Metal coated resilient metal seal. 

d. Test prr.gram to prove the adequacy of the design for the application. 

5.0 HVD PCC5X EMBJUTIXaCCT CP TRAKSDfXEP. METALS 

Arrmg the modem theories for hydrogen embrittlement of steels there are 
certain ocmcn features. Che is that there must be a source of mobile hydroc^sn, 
either gas precipitated in voids or atomic hydrogen in solid solution. 

Another is that stress and stress aoncentrations in the material aid the 
mechanism of the embrittlement process. 
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Hydrogen embrittlement has been classified into three types by researchers. 
These are: 1) hydrogen reaction embrittlement, 2) internal hydrogen embnttle- 

rent, and 3) hydrogen envircrjnent embrittlement. 

5.1 HYDRCGEN - REACTICN EhSFJTTLH'ENr 

This failure mechanism involves a form of chemical reaction between the 
hydrogen gas and the metal. For example, hydrogen reacting with oxygen in 
solid ocpper to form 1^0, or in steel carbon reacts with hydrogen to term 
methane. This type of reaction is prevalent in the petroleum industry and 
ether chemical industries where the use of gaseous hydrogen at high verxer- 
a tore and pressure is required. This attack of the metal can be prevented 
by appropriate choice of steel containing carbide stabilizers. This parti- 
cular mechanism is the least important as far as this report is concerned 
bedause of the high temperature and pressure conditions. 

5.2 INTERIM. HYDROGEN EMBRITTLEMENT , 


This problem is primarily identified with steels but not limited to them. 

Almost all of the internal hydrogen found in steel can be traced to the 
steeliraking process. Part of the hydrogen in the .melt will be trapped 
during solidification in the ingot and significant amounts may be retained 
in heavy sections. By Virtue of improved steelmaking processes and welding 
techniques., particularly for susceptible graces of steel, this origin of 
hydrogen has been virtually eliminated. 

5.3 HYDROGEN EI,VIRDNNENr EMBRITTIK'ENT 

Hydrogen environment embrittlement is the third and most important type for 
the purposes of this report since it duplicates the transducer using con- 
dition. This type of embrittlement is associated with a decrease in strength 
of a metal or alloy during service in hydrogen (gas or liquid) , generally at 
high pressure*. It is an environmental effect and occurs only while the metal 
is in contact with hydrogen. 

Within the group of metals susceptible to hydrogen environment embrittlement 
the degree of embrittlement is not predictable. Generally, the higher strength 
alloys can be more embrittled than lower strength alloys . Also, for a given 
alloy heat treating to a higher strength level results in a potentially 
greater degree of hydrogen environment embrittlement. 

The first comprehensive report on this subject was by Walter and Chandler in 
February 1969 DlJ . The authors established four categories of enbrittlentint 
\pon exposure to hydrogen at 10,000 psi and room temperature. These categories 
are: 


1. Extreme Embrittlement. High strength steels and nickel base 
allays are in this category. In unnotched specimens, failure 
is initiated by one surface crack which propagates into the 
specimen. 
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2. Severe Eirbrittlernent. This category contains the largest 
number of metals tested including- ductile, iaw-strength 
steels, pure nickel, and titanium alleys* Er.br itt horrent 
is characterized by a considerable reduction of ne tch 
strength but no reduction of strength of unnotched 
specimens . 

3. Slight Embrittlement. the nvatastable (tend to trans- 
form to martensite during deformation) t\pc 3C0 stain- 
less steels, beryliium-eepper, arid commercially pure 
titanium are in this category* anoritt lament i-» 
characterized by a small decrease in notch strength 
and notched ductility* 

4. negligible Embrittlement. Aluminum alleys, stable 
austenitic stainless steels and copper are an this 
category* These materials were essentially urrt- 
embrittled and no surface cracks were observed.* 

It should be noted that all of the information obtained in categcrizina these 
various metals was relative to high pressure (10,0Gu psi) testing. Seme 
embrittling phenomena have been discovered at atmospheric pressure, such as 
in 4130 steel, but the testing done in this range is extremely limited. 

Table 5*3-1 lists the results from testing various metals at 10,000 psig 
(except as noted) . 

5 . 4 PREVENTIVE MEASURES 

Protective coatings and the addition of inhibitors are two basic preventive 
measures which can be taken to reduce the probability of hydrogen embrittle- 
ment in metals* Since the mechanism involves permeation of the surface of a 
metal or alloy, there are certain coatings of oxides and carbides that can 
reduce the hydrogen permeability . The following materials are listed in 
order of lowest permeability to highest permeability: aluminum oxide, tungsten, 
gold, various glasses, tungsten and molybdenum, nickei aiuninide, aluminum 
solaramic enamel, ccpper, platinum, and nickel. Carpi 3 te adherence to the 
metal is essential to forming effective hydrogen barriers* 

Scire investigators have observed that the degree of hydrogen environment 
embrittlement is reduced when impurities are present in the hydrogen environ- 
irent* Irrpurities such as air, nitrogen, oxyqen and arqcn were tested for 
enbrittlenent inhibiting capability by Hoffman and Pauls p2] . 

Their results showed that the addition of argon and p unified nitrogen did not 
reduce enfori ttlement* It was suggested that the oxycren content was a factor 
in reduction of embrittlement. In their test on CK 22 (a 22 percent carbon, 
plain carbon steel) in 1470 psia hydrogen, an oxygen content of 1 percent com- 
pletely eliminated embrittlement. 

This impurity factor appears to be of least significance in embrittlement of 
high strength steels* Sawiki and Johnson (313 found that embrittlement of 
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high strength st eels by hydrogen at atmospheric pressure is net influenced by 
qxygen contents of less than 200 ppm. They concluded that t he inhabiting 
influence cf oxygen is a function of its absolute partial pressure regardless 
of the total pressure of the system. 

There are four type's of cleaning processes which are generally considered to 
be low hydrogen embrittling or non-hydrogen embrittling. They are: 
raahanical cleaning, anodic cleaning, alkaline cleaning, and pickling in 
..habited acids. 

Tile surface roughness of a metal can also influence susqepti6.il? ty to embrittle- 
ment. in general, rough surfaces enhance embrittlement. Ch-es? milling, fer 
instance, produces a surface which is more susceptible to embrittlement. 

Ketch am [33] recommends that all high strength steels ever Pc *0 pe baked after 
chem milling. This is effective in recovering ductility if there is no 
surfaoe barrier such as plating. 

5.5 TECHNICAL DISCUSSION 

The testing that has been done to date concerning hydrogen environment em- 
brittlerent has included many different alloys and metals. However, the 
various conditions under which these tests have taken place have been quite 
limited. The most significant testing has been done at room temperature ar.d 
at 10,000 psi pressure. Ideally, a classification of materials as to degree 
of embrittlement would include various temperature and pressure ranges. How- 
ever, this data is not available except for a few alloys. Few have been 
tested at pressures other than 10,000 psi and most of these at room temperature. 
It can be safely assumed that any material subjected to a lewer pressure and/ 
or temperature would be embrittled to a lesser degree than at the higher 
pressure and/or teftperature . However, in the extreme embrittlement category, 
it cannot be predicted how much change in pressure and/or temperature it 
would take to* significantly reduce the degree of embritt larger. t. 

Stress level is an important parameter in predicting the degree of embrittle- 
ment in a metal. There is sane indication that stress levels below the 
yield point of a material are very unlikely to be associated with embrittle- 
ment type failures. 

Hydrogen embrittlement should not occur if one can truly design so that 
there is no material yielding and the design is ba«sed on the yield strength 
rather than on the ultimate strength of the material. 

5.6 OCCLUSIONS 

Generally based on the facts above it is concluded that pressure transducer 
materials are not considered a problem from hydrogen embrittlement suscepti- 
bility. The basis for this conclusion is that the diaphragm which is the 
most vulnerable component is designed for stress levels well beicw the yield 
point of the metal to obtain optimum performance with respect to linearity 
and repeatability. In audition, liquid hydrogen systems associated with 
space vehicles usually operate at 100 psi a or less, thus are well be lew the 
high pressure levels known to contribute to the susceptibility problem. 
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Operational terrperatures are also in the liquid hyarocen range, thus are 
favorable from the emorittlerrent standpoint. 

In view of the general trend to conduct tests at niche r temper a tore ard 
pressure values and because of the lack of cencius 1 \~3 data available on tine 
subject, it is recanrended that the final determination regarding the sate 
application of a specific material be based on test results* 

6.0 THE EFFECT CF CLOSE COUPLED VERSUS EthOTE TRANSDUCER INSTALIAalCN 
ON PRESSURE MEASURE^EirrS 

The need to make a measurement in an adverse er.vircnnent often leads to the 
decision to plumb to the sensing transducer. In this way the transducer can 
be protected from the hostile environment by installing it in a .temperature 
control led area. There are penalties, hwever , for such a conr-rar4.se,. In 
the case of measuring a gaseous pressure, frequent data as. a function of 
line length, is lost. In a gas-liquid interface at ciyocenic temperature, 
’it can result in phase, frequent and amplitude distortion* A total dis- 
tortion of the actual pressure signature* is shown in Figure 6.0-1. 



Figure 6.0-1 S-II Flight Mo. 7 


In a gas measuring system only, the installation of a tube and transducer can 
be classified into two types, the "organ” pipe 06] and the Helmholtz 
resonator tiS] . The former consists of a simple tube with minor variations 
in diameter, one end of which is open while the other is attached to a trans- 
ducer cavity. The relative volume of the tube is large compared with that of 
the transducer cavity. The latter variation, the Helmholtz resonator, has a 
small tube volune compared to a relatively large cavity volute. 
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Let us assure a transducer cavity volute which is small relative to the line 
length that connects it to the transducer. The fundamental (fd) or organ 
pipe fonnula is equal to C/4L, the velocity of sound (C) divided by four tires 
the length (4L) . If the media being reasured is Helium gas and the tube 
length is 5-1/4 indies, then: 


fd u C/4L 

where C » 15, 000 is/d d * density at 70 F 

and fd = 15, 000 / 4L v / d~ « 15, 000 / 4(5, 25) . 407 * 1750 Hz. 


If we had used a 52,5 inch line, this value would drop to 175 Hz. The 
Helmholtz formula would apply where the volume of the connecting 1 ine was 
small relative to the transducers pressure cavity’. Again, using Heliun gas 
at 70 F we get a fundamental frequency (fd) as follows: 

(Helmhoitz) fd * -C. rr\ h^ T ^ where 2r * line diameter and r * . 070 

2 * I7v~ 

L* * 1. 7r + L * ,134 + 5. 2 5 * 5, 384 inch C * 15, 000 / 

</ar for Helium at 70, F » . 407 C * 36, 800 in/ sec* V js volume cavity 
So; fd « 36, 800/6. 28 \JT\l (. 079) 2 /5. 384(. 091) 
and fd * 1072 Hz, 


Therefore, if we know the measuring systems dimensions, the terqperature and 
the gas media frequency capab. ity can be establi shed. This is applicable 
to a gas measuring system only. 

It becomes impossible uo measure w output characteristics of a bi-phase 
cryogenic measurement in which hig. turbulent flew exists when the sensor 
(transducer) is plotted from the point of interest. As little as two inches 
of :/4 inch line can leal to a distorted pressure signal output in both wave 
slype and frequency. Tht key term in association between information dis- 
tortion and the use of a pl’mbed transducer is turbulence. Farid pressure 
changes or surges which produce pulsations in the entire system. If no 
surgina exists, phase and frequency information appear to be transferrabie 
over long line lengths, however, amplitude information is questionable be- 
cause in use only the output data is available. 

There are two events that occur during turbulent flow as a result of plumbing 
a measurement. Turbulenoe foraes the cryogenic liquid down the 1/4 inch line 
where it proceeds to oatpres3 the gas media in the system. However, as the 
liquid under surge moves down the line, it expands due bo the chance m 
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temperature gradient along tl>e lines length. Both the resulting change in 
mprtentum of the mass of liquid in motion and the volume change produce the 
overall distortion of the output. 

In a series of tests run in support of the general Saturn Program , St v;as 
established tha** oome of this distortion due to temperature gradient turbulence 
and line length was present e\en in lines as short as 2 inches. A four 
gallon stainless steel tank was fabricated with five standard 1/4 inch bosses 
and two special bosses located at the bottom and just above the bet ton of the 
tank. A "total of ten pressure transducers, all cf the same type and approxi- 
mate range (0-50, 65 and 75 psig) , were used. The of the transducers were 
flush mounted to the special bosses while the five 1/4 inch lines had a 
total of six transducers pitjrebed to teem in varying lengths and configurations. 
TWo measurements were made at the top or input portion cf tie .tank: was put 
on the recorder tape while the other read out real time. 'The correlation 
between the two flush mounted units measuring the cryogenic liquid directly 
and the ullage gas measurement compared very well with only minor distortions. 
Those measurements plumbed to the "test tank showed a distorted ind general 
erratic output proportional to line length and dynamic pressure input with 
the 2 inch plirrbed transducer the least effected as shewn in Figure 6.0-2. 



Figure 6.0-2 Lab Test Data 


On the .latum S-II Program, there were two measurements that graphically showed 
the line length bi-phase effect. One measurement was a high accuracy pressure 
transducer which contained an internally mounted proportional heater. It 
was located on a 1/4 inch stainless steel line 42 inches from a boss cn the 
LOX purp inlet and was maintained at a relatively constant internal temperature. 
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Located on the sane plane, 90 decrees from the neasiarejnents plurbed line, 
was another boss into which was directly installed a small light weight 
transducer. No line was involved as the 1/4 inch fitting cn thr; transduce * 
was screwed into and sealed against the boss. The transducer used for th;s 
measurement was liqht (4 oz. ) and capable structurally of being counted in 
a cantilever position. The oriainal object of the plumed reas virement was 
to provide high accuracy steady state information which it did, however# as 
a result of the need to investigate the undamped oscillation phenerrena noted 
in flight, it became apparent that another measurement was necessary in order 
that more information cn frequency data oouid be obtained. 

From the tire of the addition of this new reasuremer.t, carmencina with the 
S-II number seven vehicle, it became obvious that durxna transient periods, 
the two respective measurements did net read the same. Although the basic 
dc level seemed to remain the same, the perturbations or ac level changes 
were distorted cn the plumbed transducer* s output. Figure 6.0-3 shews a 
segment of data at two different times in the Saturn number seven flight. 



TIME 


Figure 6.0-3 S-II-7 Flight Data 


During the flight of the Saturn nurber eight, there was an emergency shut- 
down of engine No. 5. An undamped oscillation of increasing amplitude built 
up rapidly ( < 5 sec.) until the engine turbo- purrp cavitated and the pressure 
switches dropped out. This sudden shutdown produced a large surqe of LGX 
dewn .the 1/4* inch line of the 42 inch plumbed measurement. The results of 
this surge produced an output of the long lined measurement which lagged in 
output, shifted in phase, differed in frequency and was different in ampli- 
tude (less) than the close coupled transduder. Prior to the emergency 
shutdown, there was close correlation in frequency but not amplitude nor phase 
between the two measurements. (Figure 6.0-4) . 
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This is an actual exsap le of flight data verifyma the laboratory test 
information. 
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Figure 6,0-4 S-II-8 Flight Data 


In iraking a liquid cryogenic bi-phase pressure measurement, there is no 
alternative to using a flush mounted transducer. Data obtained by using a 
pi orbed transducer is not always valid. All that is needed is turbulence or 
line surging to completely distort all data information. At certain relatively 
quiet tines, the data may appear believable* 

The installation of a flush mounted measurement can also be achieved with 
relative ease if sufficient design planning is made prior to its inplementation. 
The close ooipled measurement was quite successful even though it was a 
modification using an existing installation. Had a boss been initially 
designed for it and a program of development been initiated as well as data 
handling techniques applied to it, both dc and ac data of hiqh accuracy could 
have been provided. 

7.0 TECHNIQUES IN TT>T>EPATUFE OQt^ENSATION CF STRAIN TO PRESSURE 
TRANSDUCERS 

Temperature ccnpensatian as applicable to strain gage pressure transducers 
usually means the classic use of compensating resistors and thermistors in 
the bridge circuitry of the strain gages. This report discusses this classic 
technique but in addition discusses additional provisions utilized on the 
Saturn 5-II Program for ccupensation of a cryogenic pressure measurement 
transducer. 
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Strain gage pressure transducers exhibit an apparent pressure reading when 
subjected to temperature environments different than the temperature per- 
ditions under which the instrument was calibrated. This apparent pressure 
reading is a source of error which must be corrected where' accuracy of the 
measurement is desired. In strain gage transducers temperature sensitivity 
is exhibited from principle sources. The first is an error resulting 
from any transducer influence which alters the balance of tie full bridre. 

This error source ’usually results from dimensional charges in structural 
renters ard resistivity changes in the strain gage elements . The second 
source results from a Young’s Modulus coefficient in spring elements of tie 
transducer. These include the diaphragm or other force stsrmir.g metre r and 
springs and tending beams associated with the transducers ccnsmxrtion. 

'formally manufacturers errploy both mechanical and electrical mears for erm- 
pens a ting these error sources. .Mechanical designs usually consist of 
selecting transducer materials for compatible expansivity coefficients of 
critical sensor members. Other more complicated^ scr.emes involve rrechar.ical 
ccmpensaticn techniques such as in the use of bi metals in counteracting 
dimensional changes. Electrical compensation tecfjuques involve the use cf 
tarrperature sensitive resistors and thermistors in the bridge circuitry. In 
the case of zero shifts, resistors with positive temperature coef ricients are 
installed into one or more of the bridge arms to compensate for the bridge 
tnbalanoe which takes place with temperature charges . The sensitivity shift . 
is occpensated by adding thermistors to the input. 

In order to best illustrate the above application the following example which 
occurred on the Saturn S-II program is presented. £ pressure measurement 
made at a point on the feedline just above t h* LCX pur p inlet of the rfo. 1 
and 5, J-2 rocket engine required that phase, frequency and amplitude infor- 
mation at this point of installation be individually identified. The general 
installation and data requirements presented a worst case environmental 
situation in which the erogenic fluid was flowcng, at a high rate with 
turbulence. Jto installation method was available other than a 1/4 inch boss 
located on the LOX feed line so a small, light weight transducer was mounted 
in a cantilever position off the 1/4 inch boss. In this way the transducer 
diaphragm oould be placed less than 2 inches from the flowing media and most 
of the frequency, phase and amplitude information could be measured. The two 
primary error souroes in such an installation are: [V torque sensitivity 

and (2) output shift due to temperature gradient across the transducer. 

Despite the careful use of the same torque value, within + 5 inch pounds, for 
the calibration procedure and in the installations , errors due to torque ran 
-0.8 to -5.5* of full scale output. The tarperature change due to temperature 
gradient across the transducer’s length of 2 inches amounted to as rmch as 
200 F, resulting in an error of +5 to +7% of full scale. The compensation for 
temperature in the case of this type transducers had been based on a' constant 
temperature of -320 F and the compensation resistor network was so tesdaned. 

The use here did not coincide with the calibration data. Compensation in 
this case consisted of knowing the installation parameters, referencing other 
measurements and previous system test data and finally, by using this data, 
to bias the output data during its reduction. Prior to actual use of the 
transducer, a series of data points were available as a result of various stage 
checkouts. Some were a single point check as in an ambient check with no 

/ 
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cryogenic in the tanks or in a p re-determined pressurization check. From 
this information# offset and torqise sensitivity data was obtained and 
suitable corrections made tr the * calibration curve. Certain systems ch.eck- 
outs may provide additional slope change data wnich can be obtained from 
other systems such as a static type pressure measurement at or near the same 
location of the dynamic transducer installation* If a pressurization check- 
out of the tank is made the ullage data nay be checked against the DDX purcp 
data. 

The previous problems illustrated seme of the questions and solutions to a 
measurement not really planned for but cne that was added as the results of 
the need to resolve a dynamic problem. 

Starting with a similar requirement need to investigate* the f clicking points, 
the (1) transducer design# (2) installation restraints# (3) calibration 
requirements and {4} the use of compensation resistors or tiiernustcrs. If 
instead of a 1/4 inch boss we had a 7/8 inch boss , a short flush diaphragired 
pressure transducer could have been used. Since the transducer would have 
been close to being ccrpletely inserted into its boss most of the temperature 
gradient problem would have been solved and only torque would have been an 
error. Ideally, a pre-determined boss installation would carpietely accept a 
small flush mounted transducer. The transducer would have its resistor ocm>~ 
pensaticn network located physically as close as possible to the transducer 
diaphragm and its construction would be such that no strain would occur under 
torque. TVo curves, one at ambient and one at -320 F oculd be taken in a 
simulated installation setup. The resulting error after all these con- 
siderations would probably be less than + 1%. 

Finally# temperature compensation in strain gage and strain aaqe transducer 
work is first concerned with "zero stability'”, the error produced by variation 
of ambient temperatures . Apart from this error there may be a temperature 
error in sensitivity (the slope of the calibration curve) which is mainly due 
to a thermal change of Young's modulus of the strained structure. This error 
may be important in strain-gage transducers employing springs# where it can 
be oorrpensated by insertion of tenperature-sensitive resistance in either 
side of the supply line to the transducer. The more difficult of tie two is 
compensating for zero- instabilities. In order to eliminate the resistance 
variations at variable ambient temperatures of a piece of apparatus of 
resistance R, a cxnpensation resistance in series# P^# or in parallel# 
can be employed. 

Let t be the ambient temperature# J 
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at the apparatus and at the conpensation resistance while t is the reference 
temperature, normally +68 F. In the series circuit of FiouPe (a) the 
resistance increase (R <c (t-t )) of the apparatus can be ccurensated by a 
resistance P.^ with a negative, i*e.- , opposing, terrperatu re coeff icients, - . 




( 1 ) 


or 


Res s oc 

OCr* 

The parallel circuit (Figure b) yields for <c (t-t Q ) 4: 1 



(2a) 


(2b) 


The total resistance at roam temperature are thus: 


Series circuit: 


R{1 + _oC J 
*CC 


(3a) 


Parallel circuit: 



(3b) 


It is seen that in both cases, the ratio should be as snail as 

possible to avoid undesirable deviation from the nominal apparatus resistance 
R. This will be achieved by corpensating resistances with negative temper- 
ature coefficients as - large as possible. Oily certain semi -conducts vo 

materials (thermistors) conform to this requirement. They axe strongly non- 
linear with temperature and are thus applicable only over limited temper 
atuxe ranges. In practical circuits compensating resistance with small 
positive or negligible tenperature coefficients are often preferred, in spite 
of their theoretical inefficiency, because of their linearity ever a wide 
tenperature range. In this case, * full compensation cannot be achieved but 
with the appropriate choiae of the resistance ratio R the fractional error 
at a tenperature t can be reduced to any ctesired valufe, e. The series circuit 
(Figure a) yields 


or 



RcSsoCU^o) - « 


(4) 

(4a) 
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No cxarrpensation is required when <£. (t-to) ^ e « Nor larger values of 
^ (t-to) , the necessary minimum series resistance is obtained from 
equation (4a) • (At negative values of and e ="73, -equation (4a) turns 

into equation (2a)). If the terpe nature coefficient oC r cf the pcrpensating 
resistance is negligible, equation (4a) becxxres : ^ 

JLC S \ e (Sa) 

R <r e 

Similarly in the parallel circuit of figure (b) we have: 


/ Is -°*~C (t-to)] fl to^(t‘t 0 )^ ■< 

H* ^ £ocU-t 0 ) - ej J1 +ccc (t-to)] 
which, for small resistance changes, simplifies to: 

RCP ✓ e -^C (t-to) 

R ^ oc<t-t 0 ) - e 


(4b) 


(4c) 


Oorrpensation is not required for oC (t-to) ^ G * At large tenpe nature varia- 
tions the maximum value of R-, can be obtained from equations \{4b) cr (4c) . 
(With negative values of wire and e .* 0, equation (4c) becanes equation 
(2b) . If the temperature coefficient ^ C of the compensating resistance is 
negligible equation (4c) becomes: 


r C!P y 

R ^ (t-t 0 f- e , * (5b) 


In ocnclusicn the optimum accuracy for a strain gage pressure transducer 
measurement can be achieved if all the above noted techniques are applied. 

The cccplete oempensation of the measurement must start with the understanding 
of the design requirement and carry through the final calibration update just 
prior to use. In between the design and the final calibration, the sensor 
construction must be coordinated with the installation requirement, compensated 
for terrperature changes by using resistors or thermistors and initially cali- 
brated. If all of the above are adhered to a nominal 5% of full scale trans- 
ducer can be made to give an output close to 1% of reality. 
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